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CHAPTER 1
INTRODUCTION
This thesis aims to increase our knowledge of ultracompact X-ray binaries, a class of
close binary star systems that are bright sources of X-ray radiation. This introduction
provides background information about astronomy in general, and the topics dis-
cussed in this thesis. A discussion of the unsolved problems related to ultracompact
X-ray binaries is given, followed by an outline of the thesis.
1.1 THE UNIVERSE
By terrestrial standards, the Universe is an extremely empty and dark place. From
almost any location in the Universe there are no celestial objects such as stars or even
galaxies to be seen (see e.g. Einasto et al. 1994). Even though the Universe started in
a very homogeneous state, after 13.75 billion years of expansion and gravitational in-
teraction, matter is now distributed highly inhomogeneously. Astronomers, by virtue
of being material themselves, are located in one of the small, bright, matter-rich parts
of the Universe. Even with the naked eye one can see several thousands of stars, as
well as a handful of planets and galaxies. These are the objects traditionally studied
by astronomers, but with the arrival of the optical telescope, and later telescopes and
detectors sensitive to other electromagnetic radiation and particles, more and more
objects and phenomena could be observed and subsequently explained theoretically.
Precise observations have revealed that the type of matter we are familiar with
(and of which the Sun, the Earth, and humans consist) occupies only about five per-
cent of the content of the Universe (Hinshaw et al. 2012). The remaining part consists
of the enigmatic ‘dark energy’, which is distributed homogeneously throughout the
1
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Universe, and the also mysterious and probably unrelated ‘dark matter’, which is
clustered in roughly the same way as normal (baryonic) matter. Another unknown is
whether the Universe has a finite or infinite volume. Astronomers can only observe
the part of the Universe from which light reaches us today, the ‘observable Universe’,
and the Universe as a whole may be much larger. Either way, the Universe is expected
to have no spatial boundaries. As for boundaries in time, even though the Universe
had a beginning, the Big Bang, it probably will not have an ending but will expand
forever instead (Riess et al. 1998; Perlmutter et al. 1999).
1.2 GALAXIES
Gravity is the fundamental force that dominates the Universe on large scales. The
largest gravitationally bound objects in the Universe are clusters of galaxies, and
these are separated by large voids (e.g. Voit 2005). Clusters of galaxies consist mostly
of dark matter. Galaxies themselves and hot intracluster gas represent less than 20%
of their mass. Galaxies are gravitationally bound groups of stars that typically contain
a hundred billion stars. The Milky Way is the galaxy that contains the solar system
with the Sun and the Earth. It is a disk-shaped galaxy; most of its visible matter,
stars, dust, and gas, are located in a flat disk. This disk contains spiral arms with
many regions where new stars are born from interstellar gas, at a rate of a few per
year. Moreover, the galaxy contains a large spherical halo of mostly dark matter, the
existence of which can be indirectly inferred from its effect on the orbital velocities
of stars in the disk. Because the solar system is located inside the disk, we see the
galaxy from the inside as a narrow luminous band of stars in the night sky, partially
obscured by interstellar dust, as shown on the cover. Besides spiral galaxies there are
other classes of galaxies. The most important are the elliptical galaxies. In ellipticals
almost no new stars are formed, and these galaxies are not flat but closer to ellipsoid,
without much structure.
The central part of the Milky Way, an almost spherical structure called the Galac-
tic Bulge, is much thicker than the disk. The Bulge is also older than the disk, and
because of its high stellar density it is the target of the Galactic Bulge Survey con-
ducted by Jonker et al. (2011), which will be discussed in Chapter 5. In the center
of the Bulge, stellar orbits reveal the presence of a supermassive black hole (Schödel
et al. 2002), which probably played a role in the formation of the Bulge (and vice
versa).
2
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1.3 STARS
Stars are gravitationally bound spheres of hot, ionized gas. They come in many
different types, but all have formed out of a collapsing cloud of gas and all have
started their ‘lives’ generating energy by the nuclear fusion of hydrogen into helium
(e.g. Huang & Yu 1998), the two most common elements in the Universe. Fusion
(referred to as ‘burning’ in astronomy) is the coalescence of positively charged atomic
nuclei. A temperature of millions of degrees is needed to overcome the repulsion
between the charged particles. Such a high temperature is reached in the interior of
the star, the core, after it has heated up by the release of gravitational binding energy
caused by the shrinking of the extended cloud of gas. The high core temperature
creates a radial pressure gradient that balances gravity and keeps the star dynamically
stable. The shrinking of the star stops once hydrogen ignites in the core, as the fusion
energy compensates for the energy radiated away to outer space by the stellar surface.
This stage is called the main sequence, and the Sun is an example of a main sequence
star. In fact about 90% of the stars in the night sky are main sequence stars, because
this stage is the longest in the life of an energy-generating star, about ten billion years
for the Sun.
What happens when the core runs out of hydrogen depends mostly on the mass
of the star. Stars are born with masses ranging from one tenth to one hundred times
the mass of the Sun (a solar mass, the standard unit of mass in astronomy, indicated
by M). Less massive objects, brown dwarfs, are not hot enough to burn hydrogen.
More massive stars are blown apart by the large amount of light they produce (Ed-
dington 1916). Massive stars are much less common than low-mass stars; about ten
percent of all stars are born more massive than the Sun (Kroupa 2001). The more
massive a star is, the faster it uses its fuel in the core and the shorter it lives.
1.3.1 MASSIVE STARS
The most massive stars (those with masses higher than about 8 M) end their lives in
a core-collapse supernova explosion. After burning hydrogen, their core temperature
is high enough to burn helium, carbon, oxygen, and progressively heavier nuclei like
neon, magnesium, silicon, and sulfur, until iron and nickel remain. No energy can be
generated by fusion of these elements, and the pressure in the stellar core is now pro-
duced by degenerate electrons, caused by the quantum-mechanical Pauli exclusion
principle that states that the positions and velocities of electrons must be sufficiently
different from one another. As a result, electrons occupy higher and higher energy
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levels as the density increases. Because the amount of available energy has a limit,
electrons cannot be squeezed together beyond a certain point. When the core mass ex-
ceeds the Chandrasekhar limit for electron-degenerate objects (Chandrasekhar 1931),
about 1.4 M, the electrons can no longer resist gravity and the core collapses, gen-
erating an enormous amount of gravitational energy in less than one second. A shock
wave blows the outer core and envelope (the layers of gas outside the core) outwards
at high velocities. Almost as bright as an entire galaxy for several months, with tele-
scopes some supernovae can be seen at distances that make up a large fraction of the
observable Universe. In that case they happened in the distant past, given the long
time it took for their light to reach us. Supernovae are rare though; in the Milky Way
none are known to have occurred in the last 330 years (Krause et al. 2008). Nonethe-
less in the observable Universe supernovae occur at a rate of several tens per second,
illustrating the large size of the Universe.
Depending on the initial mass of the progenitor star, supernovae leave behind a
neutron star or a black hole, or in rare cases, no compact remnant at all. Very massive
stars, with masses higher than 40 M, may even collapse into a black hole directly,
without producing a supernova (Heger et al. 2003). A neutron star is an extremely
high-density stellar remnant with a mass of 1.2 to 2 M and a radius of about 12 km
(see e.g. Steiner et al. 2012). It is not composed of atoms or ions like other types of
stars, but of mostly neutrons packed together. This explains their high density: nor-
mal matter is almost ‘empty’ in the sense that an atomic nucleus (containing virtually
all of the atom’s mass in the form of neutrons and protons) occupies only about one
part in 1015 of the volume of the atom. Like electrons, neutrons also generate degen-
eracy pressure. Their pressure is stronger than that from electrons, but also with a
shorter range. Therefore neutron stars are much smaller than stellar cores supported
by electron degeneracy, and have a higher mass limit, the Tolman-Oppenheimer-
Volkov limit of about 2 to 3 M (Oppenheimer & Volkoff 1939). When even this
pressure is insufficient to oppose gravity, the core collapses into a black hole, where
an event horizon hides the matter from the outside world, because no information,
including light, can escape from inside this horizon. The radius of the black hole
horizon, the Schwarzschild radius, is proportional to the black hole mass – for a typi-
cal 10 M black hole, the radius is about 30 km. Neutron stars and black holes stand
out among astronomical bodies not because of their masses, but because of their small
sizes. Their masses are only a bit larger than the mass of the Sun, which itself is a few
times larger than the average stellar mass. The remarkable characteristic of collapsed
stars is the enormous gravity just outside them, which is a consequence of having a
large amount of mass compressed in a very small volume of space.
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1.3.2 INTERMEDIATE-MASS AND LOW-MASS STARS
The cores of stars of intermediate mass, lower than about 8 M, do not implode.
Instead, these stars lose their envelopes during a stage in which the stars expand to
giant proportions. In stars less massive than 2.3 M after the main sequence, the core
is not hot enough to ignite helium and becomes degenerate, and shrinks. The shell
around the core heats up significantly, leading to a high rate of hydrogen burning in
this shell. The envelope is pushed outwards, cools and become convective – energy
is transported outwards predominantly by bubbles of hot gas moving outwards rather
than by radiation. The star has now become a red giant, its radius about one hundred
times larger than that of its main sequence progenitor.1 As the degenerate helium core
gains mass from the shell burning, it finally becomes hot enough to ignite helium.
This burning is unstable because the temperature rises rapidly from the heat generated
by the burning. The temperature cannot be regulated by expansion of the gas because
the pressure is determined by electron degeneracy rather than ideal gas pressure: this
is the ‘helium flash’. As a result of the increased temperature, the core stops being
degenerate. Less energy is produced in the hydrogen burning shell, and the star
shrinks.
Much later, when helium is depleted in the core, the core again becomes degener-
ate, leading to a second giant stage, the ‘asymptotic giant branch’. During this phase
the core consists of carbon and oxygen, with helium- and hydrogen burning shells
around it. The burning in these shells turns on and off, leading to pulsations in the
stellar envelope, and a large part of the envelope is lost during this giant stage. Ul-
timately the exposed core is left as a carbon-oxygen white dwarf, supported against
gravity by electron degeneracy pressure.
Stars with masses higher than 2.3 M after the main sequence experience normal
helium burning, avoiding the helium flash. They produce a carbon-oxygen white
dwarf as well. Due to the rarity of very massive stars, white dwarfs are much more
common than neutron stars and black holes.
Main sequence stars with masses lower than 0.8 M evolve so slowly that even
the ones formed shortly after the Big Bang are still burning hydrogen at the present
and have not started any of the advanced stages described above. They are called red
dwarfs and constitute the majority of all stars, although except one or two, they are
too faint to see with the naked eye.
1The Sun will reach this stage in about five billion years. In the process, the three inner planets
Mercury, Mars, and Earth will eventually be captured (Schröder & Smith 2008).
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1.4 BINARY STARS
Most stars are not single but orbited by a gravitationally bound companion star in
a binary star system (a ‘binary’). This is a consequence of the amount of angular
momentum (a conserved quantity that is proportional to the mass, size, and angular
velocity of a rotating body) contained by the original collapsing cloud of gas. Stellar
systems with three or more stars also exist but are less common. The Sun is a single
star, as it is orbited only by planets, dwarf planets, asteroids, comets, and smaller
objects. Massive stars are usually in a binary, and affected by their companions
during their lives (Sana et al. 2012).
The orbital separation a and orbital period P of a binary are related by Kepler’s
third law a3 ∝ P2. This was empirically discovered by Johannes Kepler in the early
17th century, after analyzing long-time observations of planetary motions around the
Sun. The orbital period of a binary consisting of two main sequence stars can be
anything from hours to centuries, and both components usually evolve independently
for most of their lives as described in Sect. 1.3. If their orbital separation is suffi-
ciently small, interaction may occur by means of tidal forces between the stars. Also,
a stellar wind from one star, which is a stream of fast particles leaving its surface,
can be partially intercepted by the companion star (Bondi & Hoyle 1944). In binaries
in which the orbital separation eventually shrinks to only five to ten times the sizes
of the stars, the stars have a dramatic impact on each other’s lives; gas from one star
can be directly pulled from its surface and free-fall to its companion via ‘Roche-lobe
overflow’.
1.4.1 ROCHE LOBES
The component stars in a binary system orbit their common center of mass, which is
the mean location of all mass in the system, and therefore lies on the line connecting
both stars, closest to the more massive star. The motion of a star around this point
causes a centrifugal force on the star in the direction opposite to the center of mass.
This force, combined with the gravitational attraction of both stars, defines the mo-
tions of matter corotating in the binary. (This requires the orbit to be circular and
the stars to rotate with the same period as the orbital period.) The volume around
each star within which matter is bound to the star is called the Roche lobe (e.g. Kopal
1956), usually a pear-shaped region, see Fig. 1.1. The pointed ends of the two Roche
lobes touch in the first Lagrangian point of the system.
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FIGURE 1.1: Roche lobes for binary star components with a mass ratio of one hun-
dred, which is a typical value for the binaries in this thesis. The centers of the stars are
indicated by the black dots, with the lowest-mass star on the left-hand side. The black
contour is the cross section of the lobes with the equatorial plane, the gray contour
is the cross section with the plane perpendicular to the equatorial plane, through the
stellar centers. Units are relative to the semi-major axis (the distance between both
stars). The largest Roche lobe is oblate because at this extreme mass ratio the rotation
axis, which goes through the center of mass, lies very close to its center.
1.4.2 ROCHE-LOBE OVERFLOW
Main sequence stars spend most of their lives well inside their Roche lobes, meaning
that the matter on their surface is bound to the star and not at risk of being lost, except
by stellar wind. However, when the first star evolves into a giant (this is always the
most massive star), and the binary is not too wide, the expanding star may fill and then
overflow its Roche lobe. At this stage the star is no longer spherical but pear-shaped
like its Roche lobe. Matter falls off its surface through the first Lagrangian point.
7
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The ratio between the stellar masses determines whether the mass loss rate is stable
or unstable. If unstable, mass is transferred at such a high rate that the companion
star is engulfed by matter from the giant. The companion essentially ends up orbiting
inside the envelope of the giant, and friction causes the orbit to shrink by a factor of
ten to one hundred (Paczyn´ski 1976). If the energy released by shrinking the orbit
is sufficient to expel the envelope, a much more compact binary emerges, consisting
of the core of the giant and the companion, which has not changed much itself. If
the envelope cannot be expelled, both stars may merge to form a single star. This
‘common envelope’ process may happen for a second time when the initially least
massive star also becomes a giant, this further shrinks the orbit. Common-envelope
events are the only mechanism to form short-period binaries consisting of stellar
remnants.
Mass transfer between stellar components in a binary influences the single star
evolution (Sect. 1.3), in particular because the mass of a star strongly influences its
evolution. If a star with a mass lower than 2.3 M loses its hydrogen envelope during
its first giant stage, the exposed degenerate helium core is left before it reaches the
helium flash, and cools into a helium white dwarf (Webbink 1984). This is the only
way such white dwarfs can form, because it takes longer than the age of the Universe
for them to form out of low-mass single stars. Similarly, if a star undergoing helium
burning in its core loses its envelope, a helium star is produced. Also, stars with
initial masses of 8 to 10 M can produce white dwarfs composed of oxygen and neon
if oxygen burning is prevented due to mass loss to a binary companion.
There are many different ways in which two stars of different masses and separa-
tions can interact during their lives. Every combination of helium stars, white dwarfs,
neutron stars, black holes, and main sequence stars can occur, as long as the system
does not unbind during a supernova explosion, or merge during a common-envelope
stage.
Both components may end up inside their respective Roche lobe (detached bina-
ries). In detached binaries the orbit shrinks due to emission of gravitational waves
(Einstein 1918). Gravitational waves propagate in the space-time continuum and are
caused by certain asymmetrically moving massive objects such as binary stars, and
they carry away energy and angular momentum. Gravitational waves have not been
detected, but there is very strong indirect observational evidence for their existence
(Hulse & Taylor 1975; Hermes et al. 2012). If the binary shrinks enough, it eventually
reaches a stable configuration in which one component fills its Roche lobe and loses
matter to its companion for potentially a very long time (semi-detached binaries). In
that case, the transferred matter will be (partially) captured by the companion.
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1.4.3 ACCRETION
Matter falls towards the companion because the surface matter at the first Lagrangian
point carries less angular momentum than the mass-losing star on average. Matter
lost by one star usually does not travel directly to the companion star. Because of the
Coriolis force that appears in the corotating frame of reference, the gas stream does
not move along a straight line towards the receiving star (the ‘accretor’) but instead
moves ahead of the mass losing star, called the mass donor. The gas enters an orbit
around the accretor and due to viscous forces radially spreads to form an accretion
disk (Lubow & Shu 1975). Eventually, gas in the inner part of the disk reaches the
accretor, adding to its mass and angular momentum. Gas in the outer part of the disk
applies a torque to the donor star and returns angular momentum to the binary orbit
(Papaloizou & Pringle 1977).
There is a limit to the rate at which matter can be accreted, the Eddington limit
(this is closely related to the upper mass limit of stars mentioned in Sect. 1.3). Ac-
creted matter emits radiation, which exerts pressure on infalling matter. At the Ed-
dington limit, the radiation pressure is so high that no additional matter can be ac-
creted. In the case of neutron stars, the Eddington limit is about 10−8 M per year.
This accretion limit also limits the brightness of accreting objects.
1.5 X-RAY BINARIES
In general the accreting object can be of any type, but in this thesis we focus on
two types of accretors: neutron stars and black holes. Because these objects are
extremely small, they are located in a very deep gravitational well; a large amount of
energy is released by matter descending into this well. Apart from matter-antimatter
annihilation, accretion is the most efficient mechanism for extracting energy out of
mass. In the case of a neutron star or a black hole, ten percent or more of the rest
mass is converted into energy. This easily exceeds the 0.7% achieved by hydrogen
burning in main sequence stars, which is the most efficient nuclear burning process.
To illustrate this, the energy that is released by dropping the mass of one cat onto a
black hole or a neutron star is enough to cover humanity’s energy consumption for
one hour.
The gas that spirals in towards the central compact object in the accretion disk
heats up to a few million degrees due to friction between gas particles with different
orbital velocities. At this temperature matter predominantly emits X-ray radiation.
Depending on the rate at which the donor loses mass to the accretor, these objects
9
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can emit almost 100000 times as much energy as the Sun, but mostly in X-rays.
Therefore they are called X-ray binaries. The first X-ray binary that was discovered
is Scorpius X-1, which is the second-brightest X-ray source in the sky (after the Sun,
which is half a billion times closer to Earth). It was discovered in 1962 by Geiger
counters on a rocket (Giacconi et al. 1962). All X-ray observations must be conducted
from outer space, as the Earth’s atmosphere is opaque to X-rays. Since the 1970s this
is usually done with X-ray detectors on board satellites.
If the donor star is less massive than about one solar mass, these systems are
called low-mass X-ray binaries, which transfer mass via Roche-lobe overflow, usually
driven by angular momentum loss via a magnetic stellar wind, or gradual expansion
of the donor caused by changes in its core composition. Because low-mass stars live
long, low-mass X-ray binaries can be visible as X-ray sources for billions of years.
Figure 1.2 shows an artist’s impression of an X-ray binary.
X-ray binaries are often transient sources, which means that their emission is
variable, caused by an instability in their accretion disks. In that case, the rate at
which matter is accreted varies periodically due to large changes in disk temperature
and viscosity, leading to outbursts and quiescent phases (Osaki 1974). This usually
happens in a binary in which the average mass transfer rate is below a threshold value
and the outer disk is relatively cold. Systems with a stable accretion disk are usually
brighter, persistent sources.
Not all matter is accreted though. Some gas is able to escape the disk in a wind.
Of the matter that approaches the compact object, a fraction is ejected at high velocity
in two jets in opposite directions, perpendicular to the orbital plane. These jets are
visible in radio wavelengths and high-energy X-rays. If the mass loss rate from the
donor exceeds the Eddington limit, matter is ejected from the binary in an isotropic
wind driven by radiation pressure from near the accretor, often known as isotropic
re-emission (Begelman 1979).
Neutron stars have very strong magnetic fields. Magnetic field lines interact with
the (ionized) matter in the inner disk, therefore the disk does not reach the stellar sur-
face but instead matter is accreted along magnetic field lines in this region. However,
in the case of a fast spinning neutron star, the magnetic field lines are able to sweep
disk matter outwards, the ‘propeller effect’ (Davidson & Ostriker 1973; Illarionov &
Sunyaev 1975).
A black hole accretor does not have its own magnetic field, and the disk can
extend almost all the way to the black hole horizon (depending on the rotation of the
black hole itself). Gas particles in the inner disk can complete several thousands of
orbits per second.
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FIGURE 1.2: Artist’s impression of what an X-ray binary may look like up close.
On the right-hand side is the donor star, which loses mass. This mass is added to the
accretion disk, and moves inwards in the disk. At the center of the disk is the accretor,
which is far too small to see in this image, but can contain over 99% of all mass in the
binary system. Near the accretor, matter is ejected from the system at high velocity in
jets perpendicular to the disk. Image courtesy R. I. Hynes.
1.6 ULTRACOMPACT X-RAY BINARIES
In the binaries studied in this thesis, the donor star is a white dwarf or a helium star.
These stars are much smaller and have a much higher density than main sequence
stars. As a consequence of Kepler’s third law (Sect. 1.4) and the Roche-lobe geom-
etry (Sect. 1.4.1), the orbital period P of the binary is directly related to the average
density ρ of the Roche-lobe filling donor star, by P2×ρ = constant. Therefore these
binaries are characterized by very short orbital periods, of less than about one hour.
Because a short orbital period implies a small distance between both stars, we call
11
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them ultracompact X-ray binaries, abbreviated as UCXBs throughout this thesis. Ob-
servations have confirmed that the matter in the accretion disks and on the neutron
star surfaces is hydrogen-poor, and contains elements that are expected to occur in
white dwarfs and helium stars, such as helium, carbon, and oxygen. Another distin-
guishing feature of UCXBs is that they emit relatively little optical light compared to
X-rays (van Paradijs & McClintock 1994). This is because in wider low-mass X-ray
binaries most optical emission comes from the outer accretion disk, but this part of
the disk is absent in the very compact systems.
The donor star loses mass because it overfills its Roche lobe by a small margin.
This situation can only be maintained if there is a mechanism that forces the donor
star to keep overfilling its Roche lobe. In detached binaries the orbit, and therefore
the Roche lobes, shrinks due to angular momentum loss via emission of gravitational
waves. The orbit and the Roche lobes in (semi-detached) UCXBs do not shrink,
however, because conservation of angular momentum dictates that mass transfer from
a less massive to a more massive binary component expands the orbit (because matter
is redistributed closer to the center of mass). This remains true if some mass is not
accreted but escapes the binary system instead. Therefore, mass transfer is necessary
to compensate the effect of gravitational wave radiation.
The binary system is subject to a negative feedback: if mass would be transferred
at very a high rate, the orbit and Roche lobes would rapidly expand, leading to the
donor detaching from its Roche lobe – and mass transfer would stop. On the other
hand, if there would be very little mass transfer, the orbit and Roche lobes would
shrink and the donor would gradually overfill its Roche lobe, leading to an increase
in the mass transfer rate. In between these scenarios is a stable equilibrium, where
the mass transfer rate is determined by how much angular momentum is lost from the
orbit and, to a lesser degree, by how easily the Roche lobe and the donor expand (or
shrink) in response to mass transfer.
In a stable UCXB the amount of mass transfer is proportional to the amount
of angular momentum loss via gravitational wave radiation. This implies that the
mass transfer rate is highest in very compact binaries, because these are the strongest
gravitational wave emitters. At any time, the size of the orbit is determined only by
the size of the donor star (which is approximately equal to the size of the donor Roche
lobe) and the mass ratio of the donor and the accretor. The lower the mass ratio, the
wider the orbit, because in that case the donor Roche lobe occupies a smaller fraction
of the orbital size. Figure 1.1 shows the Roche lobes for a typical UCXB. The donor
completely fills the left-hand side Roche lobe, while the right-hand side Roche lobe
contains the accretor and the accretion disk.
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Because the donor star becomes less and less massive, an UCXB evolves to-
wards longer orbital period and lower mass transfer rate. If driven only by gravita-
tional wave radiation, a ten billion years old UCXB has a mass transfer rate of about
10−13 M per year. This is about four times as much as the Sun loses in its solar wind
and roughly the same as the total mass loss of the Sun, including its radiation (which
is created by nuclear fusion, removing mass from the core by the mass-energy equiv-
alence, Einstein 1905). For comparison, such a binary transfers mass at a 40 times
higher rate than the Amazon river, which is not much by astrophysical standards.
Figure 1.3 shows the orbital velocities of two UCXBs with accretors of different
masses. Initially the donor stars can orbit at about one percent of the speed of light
(the speed of light is about 300000 km s−1). As the systems expand, the orbital
velocities decrease. Orbital periods of about 80 to 90 minutes can be reached within
the age of the Universe (Deloye & Bildsten 2003).
1.6.1 KNOWN POPULATION
The known population of ultracompact X-ray binaries consists of 13 systems with
reliably measured orbital periods, three candidates with uncertain orbital periods,
five without period measurement but very low optical-to-X-ray ratios, and eight faint
but persistent X-ray sources (in’t Zand et al. 2007). An overview of the population is
given on pages 88–89 in Chapter 4. The first UCXB was discovered in 1979–1980
(Middleditch et al. 1981). The brightest has a luminosity of about 1038 erg s−1 (or
1031 Watt, which is 25000 times the luminosity of the Sun) and an orbital period of
11 minutes and 25 seconds (Stella et al. 1987). In 12 of the 13 certain UCXBs, the
accretor has been identified as a neutron star. In the remaining one it is not known
whether the accretor is a neutron star or a black hole.
Remarkably, almost half of the known UCXBs are located in globular clusters,
which are very old, spherical groups of stars orbiting the Milky Way. The total stellar
mass of these clusters is over a thousand times less than the stellar mass of the rest of
the Galaxy. Thus, per unit stellar mass, UCXBs in globular clusters are much more
common than elsewhere. The reason is that the high-density environments in the cen-
ters of these compact clusters allow UCXBs to be formed in dynamical interactions
between single stars or other binaries (Clark 1975; Verbunt 1987). The remainder
of the known UCXBs are located in the disk and Bulge of the Milky Way. In these
environments stellar encounters are very rare, and UCXBs form out of primordial
binaries instead.
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FIGURE 1.3: The donor stars in ultracompact X-ray binaries orbit the center of mass
at hundreds to thousands of kilometers per second. The size of an UCXB is roughly
the same as the size of the Earth-Moon system, but it completes an orbit much faster
due to its high mass. An UCXB would fit entirely inside the Sun. In this example, the
black hole accretor is seven times as massive as the neutron star accretor.
1.6.2 IMPORTANCE
The mere presence of a neutron star or a black hole in a binary already constrains the
formation of these compact objects in supernovae (Sect. 1.3.1). A binary system will
be unbound if more than half of the mass of the system is expelled in a supernova
event, which can easily be the case if the companion is a low-mass star. However,
the collapse of the stellar core is expected to be slightly asymmetric, giving the com-
pact object a high velocity (Shklovskii 1970) that can prevent (or contribute to) the
disruption of the binary system. Furthermore, it is not well known how much mass a
massive star loses during its life via the stellar wind from its surface. This mass loss,
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as well as the poorly understood supernova mechanism, has an important effect on
whether a neutron star or a black hole is formed. Therefore, identifying the types and
masses of the accretors in X-ray binaries constrains stellar evolution and supernova
models.
The common-envelope phase in binary evolution (Sect. 1.4.2) is also not well
understood, and difficult to model in detail. The number and properties of UCXBs,
which in many cases survive two common-envelope phases, provide valuable infor-
mation.
Moreover, the physical mechanism by which angular momentum is transported
outwards in accretion disks is not clear. Comparing the properties and behavior of
hydrogen-deficient accretion disks (as found in UCXBs) with hydrogen-rich disks
can contribute by elucidating the role of the number of free electrons per ion.
The process of accretion itself, and in particular the interaction between the mag-
netic field of the neutron star with the inner accretion disk, is also not well under-
stood. This is important for the fraction of matter that is accreted and the fraction
that is expelled from the system, which in turn influence the orbital evolution and
the spin evolution of the neutron star. UCXBs are particularly interesting in this re-
gard because of their potentially low mass transfer rates, which makes the role of the
magnetic field more pronounced.
Besides the astrophysical importance of UCXBs, the strong gravity, magnetic
field, and high-density matter of neutron stars in UCXBs make them great laborato-
ries to study fundamental and extreme physics. Examples are the explosive burning
of hydrogen-poor matter on a neutron star surface in type I X-ray bursts (Grindlay
et al. 1976; Belian et al. 1976) and the mass-radius relation of neutron stars.
Finally, in five of the 13 certain UCXBs the accretor is a special manifestation of
a neutron star, a ‘millisecond pulsar’.
1.7 MILLISECOND PULSARS
Apart from their X-ray emission, UCXBs are also interesting for the accretor they
host, usually a neutron star. A neutron star spins rapidly (with a spin period of
typically 20 milliseconds) when it is born in the core collapse of a massive star
(Sect. 1.3.1), and emits two opposite beams of radio radiation generated by charged
particles in its magnetic field. If one of these beams is pointed towards the Earth,
we periodically see lighthouse-like radio pulses – for the first time in 1967 (Hewish
et al. 1968). Because they lose rotational energy, these objects, known as ‘pulsars’,
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slow down and eventually stop producing radio beams when their spin periods have
increased to several seconds.
As is often the case, in binary systems even more interesting possibilities exist. In
a low-mass X-ray binary, the neutron star may accrete a significant amount of matter
from its companion (on the order of 0.01 to 0.1 M), reducing its magnetic field by
more than a factor of one thousand. Accretion also adds to the neutron star’s angular
momentum (Bisnovatyi-Kogan & Komberg 1974) and thereby reduces its spin period
to as low as 1.4 milliseconds (Hessels et al. 2006). The first millisecond radio pul-
sar was discovered in 1982 (Backer et al. 1982). Sixteen years later, the connection
between X-ray binaries and millisecond radio pulsars was demonstrated with the dis-
covery of an accreting millisecond X-ray pulsar in an X-ray binary (Wijnands & van
der Klis 1998). Their weak magnetic fields cause millisecond pulsars to spin down
very slowly, and be visible as radio pulsars for billions of years.
Surprisingly, about 30% of all millisecond radio pulsars outside globular clus-
ters are single (ATNF Pulsar Catalogue), even though they are thought to have spun
up by accreting matter from a binary companion. A possible reconciliation is that
the neutron star is ‘recycled’ by accretion of debris matter from a disrupted com-
panion (van den Heuvel & Bonsema 1984). An alternative is that the donor star is
ablated by radiation from the accretion disk or millisecond pulsar until nothing is left
(Ruderman et al. 1989a, submitted in 1987), a phenomenon subsequently observed
in so-called ‘black widow’ pulsar systems with long eclipses (Fruchter et al. 1988).
Chapter 3 considers the latter scenario to explain the system parameters of millisec-
ond radio pulsar J1719–1438,2 which is not single but has an unusually low mass
companion, sometimes referred to as a ‘diamond planet’, because it possibly consists
of crystallized carbon (Bailes et al. 2011).
UCXBs are overrepresented by an order of magnitude among accreting millisec-
ond X-ray pulsars with respect to all low-mass X-ray binaries (Wijnands 2010), per-
haps due to the extremely low mass transfer rates (potentially down to 10−13 M per
year) reached in UCXBs. Such low mass transfer rates are necessary (Cumming et al.
2001) (but not sufficient, Patruno 2010) for X-ray pulses to be emitted, and therefore
millisecond X-ray pulsars may be easier to discover in UCXBs. Approximately half
of the 200 known millisecond radio pulsars are located in globular clusters (Lorimer
2008), similar to the UCXB overabundance in globular clusters.
2The numbers in the name are derived from its celestial coordinates – it is located 14◦38′ south of the
celestial equator and therefore it never rises more than 24◦ above the horizon as seen from Nijmegen.
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1.8 POPULATION SYNTHESIS
Because astronomy is an observational science rather than an experimental one, as-
tronomers have to work with the observable population of objects (e.g. stars, globular
clusters, galaxies) at a given time and in a given wavelength band. This is only a small
and skewed selection of the existing population. Several selection effects have to be
understood to reconstruct the whole population. A star, for instance, passes through
different stages during its life, some stages taking billions of years, others less than
a thousand years (Sect. 1.3). Not surprisingly, most of the stars we see in the night
sky belong to the long-lived types. Because of the short human lifespan, we cannot
track the full evolution of a given object. Instead we have to construct their lives by
combining observations of many different sources to build a theory.
Moreover, the luminosity of an individual source varies strongly between differ-
ent stages. An obvious but nonetheless important selection effect is that we more
easily see bright sources, and we see them up to larger distances. A source we ob-
serve can be either intrinsically bright and distant, or faint but close, or something in
between. Also, many X-ray binaries go through a cycle of bright and faint stages;
therefore only a minority can be seen at a given time (Sect. 1.5). Finally, absorption
of certain types of radiation by the interstellar medium alters the spectra of the stars
we observe, and completely hides part of the population.
In population synthesis, a computer model is used to numerically calculate the
evolutionary stages of a population of objects, drawn from an initial distribution. As
a function of time, the model simulates the evolution of all objects according to ap-
proximate laws governing the different evolutionary stages and mechanisms. The
model predicts the fundamental and observational properties of the simulated objects
at any given time. Finally, the predicted observable population at the present is com-
pared with various observations. By doing this one can find out which model works
best, calibrate models, and narrow down uncertain model parameters. In Chapters 5
and 6 we use population synthesis to model the populations of UCXBs and low-mass
X-ray binaries in the Galactic Bulge.
1.9 THIS THESIS
1.9.1 UNSOLVED PROBLEMS
Even though many aspects of the evolution of single and binary stars are reason-
able well understood, many phenomena remain unexplained or require more detailed
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investigation. Ultracompact X-ray binaries (UCXBs) are no exception, not in the
least because so few have been discovered. They are very fascinating and scientif-
ically valuable objects of study, among other things for the reasons summarized in
Sect. 1.6.2.
This thesis attempts to improve our understanding of the evolution and population
of UCXBs. Major questions that we address are:
• How are UCXBs formed?
• How many exist?
• What happens during their lives?
• What do they look like?
• What do they leave behind?
1.9.2 APPROACH
We employ different methods to gain insight in the above questions. We mostly, but
not exclusively, use a theoretical approach. This ranges from semi-analytical calcu-
lations to population synthesis (Sect. 1.8). We also analyze X-ray observations of
UCXBs and compare theoretical results with the known numbers and characteristics
of UCXBs and related objects.
The thesis is organized as follows:
Chapter 2 studies the evolution of UCXBs beginning at the onset of mass transfer
to a neutron star or a black hole. Many binaries are expected to begin their UCXB
lives when a white dwarf in a shrinking detached neutron star–white dwarf binary
fills its Roche lobe and starts mass transfer. The initial mass transfer rate is very high
because the orbit is very compact (only several minutes), and therefore the gravi-
tational wave radiation very strong. When the mass transfer rate is higher than the
Eddington limit (Sect. 1.4.3), the accretor cannot accrete all arriving matter, and its
survival depends on how much mass can be expelled from the system. For systems
that survive, we calculate the mass transfer rates and orbital periods as a function of
time and accretor mass, based on the standard model with angular momentum loss
via gravitational wave radiation (Sect. 1.6). From the standard evolution we expect
most UCXBs to have orbital periods longer than one hour, however, no such UCXBs
have been discovered. Therefore we consider three late-time scenarios that may ex-
plain this: a dynamical instability at low donor mass that may disrupt the donor,
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the spin up and spin down of a neutron star accretor by the interaction between its
magnetosphere and the accretion disk, and the thermal-viscous disk instability cycle.
Chapter 3 is a case study of a fourth scenario for what may happen to old UCXBs.
In this scenario the donor star has lost so much mass due to irradiation from the ac-
cretor that it has become detached from its Roche lobe and is better characterized as
a planet. We aim to explain the formation of a system, PSR J1719–1438, consist-
ing of a millisecond radio pulsar and a detached Jupiter-mass companion that was
discovered in 2011 (Bailes et al. 2011). Since the standard UCXB model, in which
evolution is driven by only gravitational wave radiation, is not expected to produce
such a system, we investigate which modifications to the model are needed. This
scenario is important because it could imply that (binary) millisecond radio pulsars
are normal end products of UCXBs.
Chapter 4 analyzes the long-term X-ray emission of the known UCXB popula-
tion, using 16 years of data from the Rossi X-ray Timing Explorer (Bradt et al. 1993).
This is a satellite that among other things carries three wide-angle X-ray cameras
that count X-ray photons with an energy between 2 and 10 keV in a field of view
of 6◦× 90◦. The net detection area is 90 cm2. The main advantage of such an all-
sky monitor is the unbiased record, as observations are not conducted in response
to remarkable behavior of sources. The main motivation for this study is to use the
results in modeling the observable UCXB population (Chapter 5). Besides this, we
also want to gain insight in the variability of the sources, in particular whether the
sources are persistent or transient, and how this compares with what is expected from
the theory of disk instability (Sect. 1.5). According to this model, the UCXBs with
orbital periods shorter than approximately 30 minutes are expected to be persistent,
and longer-period sources variable. The sensitivity of the wide-angle observations
does not allow for studying the faint phases of the systems, but we can analyze the
bright phases directly and extrapolate the behavior to fainter luminosities using their
average luminosities. We also look into the long-time average luminosities of the
UCXBs, which can be compared to the modeled mass transfer rates to test the evolu-
tionary model, because almost all emitted energy is generated by accretion.
Chapter 5 combines results of Chapters 2–4 with a population synthesis study
(Sect. 1.8) of UCXBs in the Galactic Bulge. One aim is to find out which of the
formation channels out of primordial main sequence binaries is the most important.
Three channels are known, defined by which type of donor starts transferring mass
to a neutron star or a black hole. The donor can be a white dwarf, a helium burning
star, or a slightly evolved main sequence star. Another aim is to predict the total
number of UCXBs that exists in the Bulge. Because of the many uncertainties in
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the population synthesis model and variability of sources, a direct comparison of the
number and properties of UCXBs with observations is complicated. Nevertheless it is
possible to verify whether the results correspond well within an order of magnitude.
We predict the number of bright X-ray sources (both persistent sources and transient
sources in outburst), the number of faint X-ray sources, and the potential number of
millisecond radio pulsars that may have formed out of UCXBs. The populations of
bright X-ray sources and millisecond radio pulsars can be directly compared with the
known populations of these objects. These comparisons give insight in the number of
UCXBs that is formed, and which of the late-time scenarios investigated in Chapters
2 and 3 are most likely to be correct.
Chapter 6 compares the modeled UCXB population from Chapter 5 in the Bulge
with the modeled population of low-mass X-ray binaries with hydrogen-rich donor
stars. Depending on the donor mass and evolutionary state at the onset of Roche-lobe
overflow, hydrogen-rich low-mass X-ray binaries evolve towards shorter or longer
orbital periods (Tutukov et al. 1985; Pylyser & Savonije 1988). The first group,
converging systems, usually have period minimums around 70 minutes, and the sub-
sequent evolution resembles UCXB evolution, although the donor stars cannot have
carbon-oxygen compositions. We predict the number of low-mass X-ray binaries in
the Bulge and consider their importance in the formation of millisecond radio pulsars.
Finally, Chapter 7 summarizes the thesis and returns to the questions asked in this
section. Chapter 8 is a summary of the thesis in Dutch.
1.9.3 OVERVIEW OF SCALES
Astronomy studies phenomena and objects of extreme scales. Figure 1.4 compares
the typical temporal and spatial scales of objects encountered in this thesis, and some
more. The most important in this thesis are the UCXBs, which span a relatively
narrow range of orbital periods (a few minutes to about one hour, Sect. 1.6). The
pulsar J1719–1438 with its 5.8 millisecond ‘day’ is located at the far left because it
rotates very rapidly around its axis; at the equator the surface moves at 4% of the
speed of light. The eight solar system planets and the UCXBs lie almost on the same
line (with slope 2/3, by Kepler’s third law, Sect. 1.4) because the central objects
(the Sun and a neutron star, respectively) that control their dynamics have almost the
same mass. Two objects orbiting the Earth are shown by white circles. The left-most
is the Rossi X-ray Timing Explorer satellite, several hundreds of kilometers above the
surface of the Earth. We analyze its X-ray observations in Chapter 4. The other is
the Moon at on average 384400 km from the center of the Earth. The imaginary line
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connecting Earth-orbiting objects lies below the imaginary line connecting UCXBs
and planets, because the Earth has a mass that is several hundreds of thousands times
lower than the mass of the Sun or a neutron star.
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FIGURE 1.4: An overview of typical sizes, distances and (dynamical) timescales of
objects that are important in astronomy or in this thesis. Circles indicate orbital mo-
tions around the Earth (white), Sun (black) or center of the Milky Way (gray). The
third black circle from the left represents the Earth. Triangles indicate motion around
the spin axis, such as the sidereal day on Earth. For circles, triangles, and ultracom-
pact X-ray binaries, the lengthscale is the orbital circumference, and the timescale
is the orbital period. Their ratio yields the orbital velocity, which can be compared
with the speed of light (long solid line). The white squares represent motions that
are closer to linear, including the future collision between the two largest galaxies in
the Local Group (consisting of about 50 galaxies), the Milky Way and M 31 (Messier
31, also known as the Andromeda Galaxy) (van der Marel et al. 2012). The black
square at the top right shows the comoving radius and age of the observable Universe
(Sect. 1.1), which has expanded faster than the speed of light. The black dot right at
the bottom humbly illustrates the career of a PhD candidate.
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CHAPTER 2
THE EVOLUTION OF
ULTRACOMPACT X-RAY BINARIES
L. M. van Haaften, G. Nelemans, R. Voss, M. A. Wood, & J. Kuijpers
Astronomy & Astrophysics 2012, 537, A104
ABSTRACT
Context. Ultracompact X-ray binaries (UCXBs) typically consist of a
white dwarf donor and a neutron star or black hole accretor. The evo-
lution of UCXBs and very low mass ratio binaries in general is poorly
understood. In particular, the dynamical behavior of an accretion disk
extending to a large radius (relative to the orbit) is unclear.
Aims. We investigate the evolution of UCXBs in order to learn for
which mass ratios and accretor types these systems can exist, and if they
do, what are their orbital and neutron star spin periods, mass transfer
rates and evolutionary timescales.
Methods. We compute tracks of a binary containing a Roche-lobe over-
flowing helium white dwarf in which mass transfer is driven by gravita-
tional wave emission. For different assumptions concerning accretion
disk behavior we calculate for which system parameters dynamical in-
stability, thermal-viscous disk instability or the propeller effect emerge.
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The significance of these processes during the evolution of an UCXB is
considered.
Results. At the onset of mass transfer, the survival of the UCXB is
determined by how efficiently the accretor can eject matter in the case
of a super-Eddington mass transfer rate. At later times, the evolution of
systems strongly depends on the binary’s capacity to return angular mo-
mentum from the disk to the orbit. We find that this feedback mechanism
most likely remains effective even at very low mass ratio. In the case of
steady mass transfer, the propeller effect can stop accretion onto recycled
neutron stars completely at a sufficiently low mass transfer rate, based on
energy considerations. However, mass transfer will likely be non-steady
because disk instability allows for accretion of some of the transferred
matter. Together, the propeller effect and disk instability cause the low
mass ratio UCXBs to be visible a small fraction of the time at most,
thereby explaining the lack of observations of such systems.
Conclusions. Most likely UCXBs avoid late-time dynamically unsta-
ble mass loss from the donor and continue to evolve as the age of the
Universe allows. This implies the existence of a large population of low
mass ratio binaries with orbital periods∼70−80 min, unless some other
mechanism has destroyed these binaries. Even though none have been
discovered yet, black hole UCXBs could also exist, at orbital periods of
typically 100−110 min.
2.1 INTRODUCTION
Ultracompact X-ray binaries (UCXBs) are a subclass of low-mass X-ray binaries and
consist of a white dwarf or helium star losing mass to a neutron star or black hole, at a
sub-hour orbital period (Savonije et al. 1986). The short orbital periods point to white
dwarf or helium burning star (sdB star) donors, as those are the only known stellar
types that have the same size as the donor Roche lobe corresponding to these orbital
periods (Nelson et al. 1986). The observed helium and carbon-oxygen composition
of the transferred matter confirms this picture (Schulz et al. 2001; Nelemans et al.
2004, 2006). The accretor type can be identified via its inferred mass, magnetic field,
spin period, explosive nuclear fusion on its surface or inner accretion disk behavior,
and can be either a neutron star or a black hole (the latter have not yet been observed
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in UCXBs). To date about 30 UCXBs and candidates have been identified (in’t Zand
et al. 2007).
UCXBs are important objects to study because of the absence of hydrogen in
the accretion disk and X-ray bursts (in’t Zand et al. 2005b), their gravitational wave
signal (Nelemans 2009), and them being tests for the common-envelope phase (Nele-
mans & Jonker 2010). Furthermore, UCXBs are candidate progenitors of radio mil-
lisecond pulsars (Alpar et al. 1982) because of the high number of accreting mil-
lisecond pulsars found in UCXBs (Wijnands 2010). The ratio between the number
of black hole and neutron star accretors constrains the high-mass end of the binary
initial mass function.
2.1.1 EVOLUTIONARY HISTORY
The formation of ultracompact X-ray binaries starting from a zero-age main sequence
binary involves one or two common envelope stages and a supernova. The initially
more massive star evolves off the main sequence and starts losing mass to its com-
panion. Depending on the mass ratio and stage of donor evolution, this may happen
in an unstable way, leading to a common envelope. The orbit decays significantly due
to energy and angular momentum loss via friction. If the system does not merge, it
emerges as a much shorter-period system consisting of the core of the giant and a re-
juvenated main sequence companion. There are several scenarios for the subsequent
evolution; the core of the giant may develop into a core-collapse supernova, or the
main-sequence companion may evolve into a (sub)giant, causing a second common
envelope before it becomes a supernova itself (Tutukov & Yungelson 1993; Podsiad-
lowski et al. 2002). If precisely one of the stars becomes a supernova and the system
is not unbound during this event, the system can develop into a neutron star/black
hole–white dwarf/helium star binary. If neither of the components is massive enough
to become a core-collapse supernova, a second common envelope can lead to a dou-
ble white dwarf or a white dwarf–helium star binary. An accretion-induced collapse
of a white dwarf may still yield an UCXB, once mass transfer has resumed (van den
Heuvel 1984).
More models for UCXB formation exist. In globular clusters, home to about
one-third of the presently known UCXB population, formation may be dominated by
dynamical interactions (Verbunt 1987; Ivanova et al. 2005; Voss & Gilfanov 2007b).
After a system with a neutron star or black hole component has formed, UCXBs can
evolve through three scenarios: via a white dwarf donor (Yungelson et al. 2002),
helium-star donor (Savonije et al. 1986; Yungelson 2008) or a main-sequence donor
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(Podsiadlowski et al. 2002; van der Sluys et al. 2005a; Ma & Li 2009). However,
after a relatively short time of mass transfer, each donor becomes degenerate and the
subsequent evolution is very similar for each scenario. Therefore, we consider only
the white dwarf donor scenario.
As suggested by the rarity of UCXBs, the initial stellar and binary parameters
must be finely tuned in order to arrive at a stable ultracompact configuration. Several
things can go wrong: binaries can either evolve too slowly to have two post-main
sequence components, be too wide to have interacting components, merge during a
common envelope, possibly explode as a single degenerate type Ia supernova, be-
come unbound by a supernova, or experience two supernovae.
2.1.2 PRESENT RESEARCH
The objective of this chapter is to investigate the occurrence of a dynamical instability
in low mass ratio UCXBs, and the influence on UCXB evolution of magnetosphere-
disk interactions and the thermal-viscous disk instability. By improving our under-
standing of all evolutionary stages of UCXBs, we will be able to better estimate their
observational properties, such as X-ray luminosity and orbital period, fraction of time
visible and lifetime. In Chapter 5, we will use the results to predict the present-day
UCXB population, which can be compared to observations by the Galactic Bulge
Survey (Jonker et al. 2011).
In particular the behavior of old, low mass ratio (q < 0.01) and low mass transfer
rate systems is unclear. None have been discovered, even though their long evolu-
tionary timescales suggest that many should exist if no disruptive process emerges at
some point. Are they invisible to our instruments (most of the time), or do they no
longer exist?
Section 2.2 gives an overview of regular UCXB evolution and the main angular
momentum flows in the absence of instabilities. Several complications that may play
an important role during the evolution of an UCXB are mentioned in Sect. 2.2.6.
In the method, Sect. 2.3, we describe the evolutionary tracks as a function of the
degree of feedback of angular momentum from accretion disk to orbit, the propeller
effect and the disk instability model. In the results, Sect. 2.4, we analyze the tracks,
consider how likely limited feedback is, and look into the magnetic field, both for
constant mass transfer and non-steady behavior such as outbursts. In Sect. 2.5 we
discuss the results and give a conclusion. The Appendix contains fits of evolutionary
tracks and some analytical approximations.
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2.2 OVERVIEW OF UCXB ORBITAL MECHANICS
The evolution of a binary consisting of only degenerate stars or black holes cannot
be driven by single star evolution, since such components hardly evolve, if at all, and
certainly do not increase their radius in the absence of interaction with other stars.
Since we assume white dwarfs to be cold, i.e., thermally relaxed, angular momentum
loss and redistribution are the only processes that can alter the system.
2.2.1 ANGULAR MOMENTUM FLOWS
The angular momentum flows in an UCXB are given by
J˙orb = J˙GW+ J˙stream+ J˙torque+ J˙eject, (2.1)
where J˙orb < 0 is the change in orbital angular momentum, J˙GW < 0 the loss to grav-
itational wave emission, J˙stream < 0 angular momentum advected from the donor to
the accretion disk along with the transferred matter, J˙torque > 0 is the return of an-
gular momentum from the disk to the orbit by means of a tidal torque between the
outer disk and the donor (Lin & Papaloizou 1979; Frank et al. 2002) and J˙eject < 0
is the angular momentum carried by matter ejected from the system. The high sur-
face gravity of degenerate stars prohibits significant wind mass loss from the donor,
so spin angular momentum loss via magnetic braking can be neglected. Change in
accretor spin can present a sink or source of angular momentum (Marsh et al. 2004),
but contrary to white dwarf accretors, this is negligible compared to the angular mo-
mentum transport to and from the disk (Priedhorsky & Verbunt 1988) for neutron star
and black hole accretors.
When the system has an accretion disk, J˙stream is precisely balanced by the feed-
back flow in the opposite direction, J˙torque (Priedhorsky & Verbunt 1988). In that
case, the accretion disk does not gain or lose angular momentum, which leaves or-
bital angular momentum loss via gravitational wave radiation as the sole process
driving binary evolution, giving the usual expression
J˙orb = J˙GW+ J˙eject. (2.2)
However, below we will consider the more general case. The orbital period of two
stars must be rather short for gravitational wave emission to be able to significantly
shrink the orbit within the age of the Universe, e.g. shorter than 14 hr in the case of
two 1 M components. Once the orbit has shrunk to the point where the Roche lobe
of a white dwarf component is smaller than the associated star’s volume, the white
dwarf starts to lose surface matter.
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2.2.2 STABLE MASS TRANSFER
To calculate the mass transfer rate, we assume that the donor precisely fills its Roche
lobe at all times t during stable mass loss (in reality the donor slightly overfills its
Roche lobe, but this distance is small compared to the Roche-lobe radius and can be
neglected):
Rd(t) = RL(t) and R˙d(t) = R˙L(t) ∀ t (2.3)
where Rd is the donor radius and RL is the effective radius of the donor Roche lobe.
Equation (2.3) implies that the ratio of the component masses and the donor radius
determines the semi-major axis and orbital period, which increase with time. The
change in Rd and RL can be separated in a mass-transfer dependent and -independent
part as (Soberman et al. 1997)
R˙d
Rd
=
(
R˙d
Rd
)
evo
+ζd
M˙d
Md
(2.4)
R˙L
RL
=
(
R˙L
RL
)
aml
+ζL
M˙d
Md
(2.5)
where ζi ≡ ∂ lnRi/∂ lnMd (Hut & Paczyn´ski 1984) represents the change in Ri re-
sulting from mass transfer or loss, i.e., a change in donor mass Md (Ri ∝ M
ζi
d ). The
subscript evo denotes single star evolution and aml denotes angular momentum loss
from the system (in the absence of mass transfer and loss). The advantage of the
above separation of the change in radii is that it allows for more easily solving the
equilibrium mass loss rate. From Roche-lobe geometry and the orbital angular mo-
mentum equation follows that (∂ lnRL)aml = (∂ lna)aml = 2(∂ lnJorb)aml in the case
of fixed component masses (a is the semi-major axis). Combining the above and tak-
ing (∂ lnRd)evo = 0 for the fully cooled, non-evolving, white dwarf case, leads to the
(negative) donor mass loss rate1
M˙d
Md
=
2
ζd−ζL
(
J˙
J
)
GW
(2.6)
where orbital angular momentum (unrelated to mass transfer or mass loss) is lost
exclusively by gravitational wave emission (Eq. 2.2), given by Landau & Lifshitz
(1975). The effect of angular momentum loss via mass ejection is contained in ζL
and will be discussed in Sect. 2.3.2. In Fig. 2.1 we show the mass transfer rate given
by Eq. (2.6) for ζd given in Sect. 2.3.3.
1An approximate analytic solution of Eq. (2.6) is given in Appendix 2.B, along with fitted tracks in
Appendix 2.A.
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FIGURE 2.1: Tracks for a helium white dwarf donor with an initially 1.4 M, 12
km radius neutron star (solid line) and 10 M black hole (dashed line) accretor. The
tracks start at the respective dynamical instability limits of 0.83 M and 1.04 M,
since systems can only survive if they start with a lower donor mass (Sect. 2.2.3).
The isotropic re-emission limit is ignored in the first part of the track. The numbers
correspond to the two circles on their right-hand side and represent the logarithm of
the system age (yr), which is the time since the onset of mass transfer. The relative
location of both tracks will be discussed in Sect. 2.4.2.2.
Figure 2.1 shows how the mass transfer rate decreases with increasing orbital pe-
riod and time. The white dwarf grows in size as it loses mass, and since it is assumed
to fill its Roche lobe at all times (Eq. 2.3), the orbital separation and hence orbital pe-
riod must increase as well. Since gravitational wave radiation becomes significantly
weaker in a wider orbit, the mass transfer rate decreases. This can be understood as
follows: mass transfer from a less massive to a more massive component in itself
tends to widen the orbit, and the weaker the orbit-shrinking gravitational waves, the
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less mass transfer is needed to keep the orbit wide enough to accommodate the donor.
If the binary transfers too much matter, the donor detaches and mass transfer
stops. Conversely, if too little matter is transferred, the donor overfills its Roche lobe
more and more, increasing mass loss. An equilibrium is reached; the system naturally
arrives at a mass transfer rate for which the donor overfills its Roche lobe by the right
amount.
2.2.3 DYNAMICAL STABILITY
From Eq. (2.6) it can be seen that the mass transfer rate becomes unbounded when
ζL and ζd approach each other. Dynamical stability of the donor requires that, upon
mass loss, the change in RL exceeds the change in Rd, i.e.,2
R˙L > R˙d. (2.7)
Dividing both sides by Rd = RL (Eq. 2.3) and by M˙d/Md < 0 yields the well known
criterion (e.g. Webbink 1985; Pols & Marinus 1994)3
ζL < ζd. (2.8)
Physically this means that when a donor that does not obey this criterion starts trans-
ferring matter via Roche-lobe overflow, its volume grows faster than the volume of
the Roche lobe it is contained in. The donor will overflow its Roche lobe more and
more, leading to runaway mass loss on the dynamical timescale of the donor (∼5 s
for an 0.6 M white dwarf), and followed by disruption of the donor.
Near the dynamical instability limit, the mass transfer rate becomes in principle
arbitrarily high, as shown by the upper left part of the tracks in Fig. 2.1. This means
that in order to find the critical mass ratio at which this instability occurs, we have
to consider ζL for the case in which a fraction 1 of transferred mass is ejected. Fig-
ure 2.2 shows that for a system with an accretor mass Ma = 1.4 M (dotted line), mass
transfer is dynamically unstable if Md > 0.83 M. In the case of a 10 M accretor
(dash-dotted line) this becomes Md > 1.04 M.
2Note that this criterion has a different meaning than the second part of Eq. (2.3). Here, change in
radii resulting from only mass loss is considered, whereas Eq. (2.3) applies when gravitational wave
radiation is included as well.
3A stability criterion expressed in ζ -values, i.e., logarithmic derivatives, is to be preferred over
linear derivatives of radius to donor mass because the expressions for ζL and ζd, Eqs. (2.13) and (2.26)
respectively, are simpler than the expression for ∂Ri/∂Md = ζiRi/Md as the factors Ri and Md introduce
several extra variables.
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FIGURE 2.2: Mass-radius relation exponent ζL (Sect. 2.3.2) for a 1.4 M accretor
(dotted line) and a 10 M accretor (dash-dotted line) and the zero-temperature helium
white dwarf ζd (dashed line, Sect. 2.3.3). Nearly all matter is assumed to be lost via
the isotropic re-emission mechanism (Sect. 2.2.4).
2.2.4 ISOTROPIC RE-EMISSION
Even when the donor mass is low enough to avoid a dynamical instability, the high
amount of mass it needs to lose to avoid a merger of the binary components shortly
after the onset of mass transfer (van den Heuvel & Bonsema 1984) may be too much
for the accretor to accrete or eject. The ultimate condition for survival is how effi-
ciently the accretor can eject matter in the case of a super-Eddington mass transfer
rate. The upper limit of mass that can be removed from the system follows from the
energy balance. By assuming that precisely the Eddington limit is accreted, the large
amount of gravitational energy liberated can in principle be employed to unbind ad-
ditional transferred matter (with energy corresponding to the first Lagrangian point)
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from the system. This mechanism is called isotropic re-emission. Soberman et al.
(1997) and Tauris & Savonije (1999) described the mechanism as matter transferred
via an accretion disk to the vicinity of the accretor, from where it is subsequently
ejected as a fast, isotropic wind.
2.2.5 THE DECIDING STABILITY CRITERION AT THE ONSET OF MASS
TRANSFER
The onset of Roche-lobe overflow is a very important event in the evolution of a
binary. White dwarf donors that are too massive lose mass in a dynamically unstable
way (Sect. 2.2.3) and the systems containing these do not survive. Figure 2.3 (upper
solid line) shows that systems with a 1.4 M neutron star accretor are dynamically
unstable if the white dwarf donor is more massive than 0.83 M. Since there is
no accretion disk present yet when mass transfer first starts, there is no tidal torque
transferring back angular momentum to the orbit (to be discussed in Sect. 2.2.6.1),
and the criterion becomes stricter; the system must lie within the lower solid line
in Fig. 2.3. However, if the donor is less massive than ∼ 0.50 M (dotted line),
the disk forms on a timescale short enough to start transferring back enough angular
momentum to stop the dynamical instability (Verbunt & Rappaport 1988). Moreover,
the 0.50 M disk formation criterion itself is replaced by an even stricter criterion: the
isotropic re-emission limit of Md≈ 0.37 M (dashed line).4 In this chapter we assume
that isotropic re-emission is the criterion which in practice determines whether a
system survives the onset of mass transfer, or merges.5
If the binary system survives the onset of mass transfer, it will settle in a state of
stable mass transfer, as described in Sect. 2.2.2.
2.2.6 COMPLICATIONS
The perpetually expanding binary with declining mass transfer rate described above
is idealized. In reality, several processes can potentially disturb continuous accretion
or even disrupt the binary, and they may become important in view of the low mass
4Yungelson et al. (2002) found a value of 0.44 M, for a 1.433 M neutron star accretor, due to
a different adopted isotropic re-emission prescription combined with the relatively weak sensitivity to
donor mass of both mass transfer rate and isotropic re-emission rate.
5If isotropic re-emission would fail to prevent a merger, UCXB could only be formed via an initially
non-degenerate donor like a helium star, with the constraint that it should not become fully degenerate
before reaching a mass below 0.08 M, when mass transfer becomes sub-Eddington.
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FIGURE 2.3: Stability regimes in terms of zero-temperature helium white dwarf
donor mass versus accretor mass. The upper solid line is the upper limit for dynami-
cal stability in the presence of an accretion disk that feeds back angular momentum,
where all transferred matter is lost via isotropic re-emission. The dashed line is the up-
per limit for isotropic re-emission (i.e., if the system lies above this line, the accretor
will be engulfed by transferred matter). The lower solid line encloses the parame-
ter space where systems are dynamically stable in the absence of angular momentum
feedback. The dotted line indicates a very rough estimate of the upper donor mass for
which there is enough time to form an accretion disk and suppress the no-feedback
instability, based on Verbunt & Rappaport (1988).
ratios and mass transfer rates expected for compact systems driven by gravitational
wave radiation.
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2.2.6.1 LIMITED FEEDBACK OF ANGULAR MOMENTUM AT LOW MASS
RATIO
In Sect. 2.2.3 the possibility of a dynamical instability at the onset of mass transfer
was discussed. According to Fig. 2.2 such an instability can only occur at a high
donor mass of Md & 0.8 M, depending on accretor mass. This is no longer nec-
essarily true if an extra angular momentum sink is introduced. Here we look into
possible reasons for limited feedback of angular momentum from disk to orbit.
Angular momentum is advected from the donor to the accretion disk along with
transferred matter. Initially, when a disk has yet to form, matter accumulates in a
ring around the accretor and, due to viscous friction, spreads out radially to form an
accretion disk. The disk keeps expanding until it reaches a radius that is so large that
all added angular momentum can be returned to the orbit via the tidal torque between
the donor and the outer disk, and no further (see Frank et al. 2002, chap. 5). A torque
exists because the disk is slightly elongated due to the tidal force of the donor, and
also slightly ahead of the donor because of the shorter orbital period and a delay in
adjusting its shape. At the same time, the outwards transport of angular momentum
through the disk allows for matter to move inwards, and eventually to be accreted
onto the central object.
Possible causes for reduced feedback include a viscosity that is too low and tidal
torque that is too weak (Lin & Papaloizou 1979; Ruderman & Shaham 1983; Hut &
Paczyn´ski 1984), and the resumption of mass transfer after a detached stage caused
by orbital widening, which in turn is due to mass loss caused by an accretion-induced
collapse of a white dwarf accretor (van den Heuvel 1984). Recently, Yungelson et al.
(2006); Lasota (2007) stated that it remains unknown what happens to mass trans-
fer and the accretion disk in systems with a mass ratio q = Md/Ma . 0.01. When
q . 0.02, the circularization radius exceeds the estimates of the outer radius by
Paczyn´ski (1977) and Papaloizou & Pringle (1977), causing the disk to be truncated,
and matter to circularize onto unstable orbits, thereby preventing accretion (Yungel-
son et al. 2006; Lasota 2008). The donor may cause gaps in the disk at certain radii
via destabilizing orbital resonances, causing disk particles to be confined to certain
radius ranges. This process is similar to the formation of gaps in the ring system of
Saturn by Mimas and other moons (Franklin & Colombo 1970), and the Kirkwood
gaps in the asteroid belt due to Jupiter’s gravitational influence. Matter may be un-
able to pass these gaps, which would prevent both the outward expansion of the disk
to the radius required for full angular momentum feedback to the orbit, as well as the
corresponding accretion on the inside.
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2.2.6.2 OCCURRENCE OF A DYNAMICAL INSTABILITY AT LOW MASS RATIO
A dynamical instability at low mass ratio may happen only if feedback would be
reduced for any of the reasons given in Sect. 2.2.6.1. In the absence of feedback
J˙torque = 0 and Eq. (2.1) becomes
J˙orb = J˙GW+ J˙stream+ J˙eject, (2.9)
The disk would turn into an extra angular momentum sink and the orbit loses more
angular momentum than in the case of feedback, and has a stronger tendency to
shrink. More mass must be transferred to compensate for this and keep the donor
within its Roche lobe, and thereby a new equilibrium is established. For systems
with a low mass ratio this effect is stronger because of the geometry of the system:
mass entering the disk carries a high specific angular momentum because of the large
distance (relative to the semi-major axis) of the first Lagrangian point to the center of
mass. At very low mass ratio, the orbit loses so much angular momentum to the disk
that no amount of mass transfer can compensate for this; the donor will be disrupted.6
Ruderman & Shaham (1983) were the first to identify this instability, and Ru-
derman & Shaham (1985) showed that in the case of a helium white dwarf donor,
the dynamical instability can be reached after 9 Gyr, with Md = 4× 10−3 M for
Ma = 1.4 M. Bonsema & van den Heuvel (1985) and Verbunt & Rappaport (1988)
came to a similar conclusion.
On the other hand, Jeffrey (1986) reported that the fast spin period of the single
millisecond pulsar PSR 1937+214 contradicts a history in a binary followed by donor
disruption, because the spin would have been much slower at the evolutionary stage
such a disruption would take place.
Bildsten (2002) considered finite-temperature white dwarfs and found that those
would reach the instability at higher donor mass than zero-temperature white dwarfs,
for instance at Md = 0.01 in the case of a 106 K helium white dwarf donor and a
Ma = 1.4 M accretor.
The questions we want to answer are, 1) could feedback be reduced at some stage
in the evolution of an UCXB, and 2) if so, does this lead to a dynamical instability
within the age of the Universe?
6The dynamical instability for high mass white dwarf donors on the other hand is a result of the steep
mass-radius relation of the donor, and also because the orbital separation expands less easily when the
mass ratio is closer to unity (Fig. 2.2).
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2.2.6.3 PROPELLER EFFECT
More processes can potentially limit accretion. In the case of a neutron star accre-
tor, accretion may be disturbed by the magnetic field. This is the propeller effect, in
which the fast-rotating magnetosphere accelerates transferred matter in the azimuthal
direction and stops it from accreting (Davidson & Ostriker 1973; Illarionov & Sun-
yaev 1975).
2.2.6.4 THERMAL-VISCOUS DISK INSTABILITY
At low mass transfer rates, the disk instability model describes a thermal-viscous
instability resulting from a relatively large and sudden local increase in opacity and
viscosity of the disk material (Osaki 1974; Lasota 2001) (note, this disk instability
is unrelated to the dynamical instability discussed in Sects. 2.2.3 and 2.2.6.2). The
high viscosity causes a much higher accretion rate, called an outburst. Outbursts
are alternated by low-viscosity stages during which the disk builds up again. Stable
behavior persists if the entire disk has a rather homogeneous degree of ionization;
UCXBs in particular can have a stable disk if the mass transfer rate is sufficiently
high to keep the entire disk ionized through X-ray irradiation (in’t Zand et al. 2007).
2.3 METHOD
In this section we describe the details of our treatment of the evolutionary stages
of UCXBs. The concepts that will play a role during the evolution of UCXBs are
discussed in order of appearance.
2.3.1 ISOTROPIC RE-EMISSION
As discussed in Sect. 2.2.4, the energy released by accreting some matter, can unbind
additional matter via radiation pressure. The highest spherical accretion rate possible
without the arriving matter stopped and blown outwards by radiation pressure is the
Eddington accretion limit M˙Edd = 4picRa/κes, with c the speed of light, Ra the accre-
tor radius and κes ≈ 0.199 cm2g−1 the electron Thomson scattering mean opacity for
hydrogen-deficient matter. The maximum mass transfer rate that can be survived via
isotropic re-emission is given by the ratio of the potential well at the accretor surface
Φa and the potential in the first Lagrangian point (Begelman 1979; King & Begel-
man 1999; Yungelson et al. 2002). The potential in L1 by definition is equal to the
corotating-binary potential at the Roche-lobe surface ΦL, which can be approximated
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to within 0.15% by
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with 0< q<∞, Mtot =Ma+Md the total binary mass and G the gravitational constant.
If we define φ(q) as the right-hand side of Eq. (2.10), the maximum survivable mass
transfer rate is
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and is independent of Ra. Since the matter is ejected from the vicinity of the accre-
tor (Soberman et al. 1997; Tauris & Savonije 1999), it has approximately the same
specific orbital angular momentum as the accretor.
2.3.2 RESPONSE OF ROCHE-LOBE RADIUS TO MASS TRANSFER
Any effect of change in angular momentum because of mass transfer and ejection
from the system is contained in ζL = ∂ lnRL/∂ lnMd (Sect. 2.2.2). The effective
radius of the donor Roche lobe RL can be approximated to within 1% by Eggleton
(1983)
RL
a
=
0.49
0.6+q−2/3 ln(1+q1/3)
. (2.12)
Given q = Md/Ma and Rd, Eqs. (2.3) (first part) and (2.12) yield a. The Roche-lobe
geometry only applies when the spin period of the Roche-lobe filling component
is equal to the orbital period, and when the orbit is circular. These conditions are
normally met in compact Roche-lobe filling systems.
Logarithmic differentiation of RL yields
ζL = ζa+ζrL , (2.13)
where ζa ≡ ∂ lna/∂ lnMd and
ζrL ≡
∂ ln(RL/a)
∂ lnMd
= ζq · 13
[
2ln(1+q1/3)− (1+q−1/3)−1
ln(1+q1/3)+0.6q2/3
]
(2.14)
with
ζq ≡ ∂ lnq∂ lnMd = 1+(1−β )q, (2.15)
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where β is the fraction of mass lost by the donor that leaves the system via isotropic
re-emission, see Eq. (2.21). ζrL with β = 0 is the same as in Marsh et al. (2004), who
studied mass transfer in binary white dwarfs.
2.3.2.1 MASS FLOWS
In order to determine ζa, we consider three mass flows in the binary system: mass lost
by the donor can either be accreted, stay in the disk or be unbound from the system.
ACCRETED MASS The accretion efficiency ε (where 0 ≤ ε ≤ 1) is the fraction of
the matter lost by the donor that is accreted by the primary
M˙a =−εM˙d. (2.16)
When we assume full accretion in the case of a sub-Eddington mass transfer rate (in
the absence of magnetic fields or instabilities)
ε = min(−M˙Edd
M˙d
,1). (2.17)
M˙Edd ≈ 3× 10−8 M yr−1 for a neutron star that is accreting hydrogen-deficient
matter. The evolution of ε for two different accretor masses is illustrated in Fig. 2.4.
MASS LOST FROM THE SYSTEM In the case of non-conservative mass transfer
the system loses angular momentum along with the ejected matter. The specific
angular momenta of the ejected matter and the binary are J˙orb/M˙tot and Jorb/Mtot,
respectively. The parameter γ is defined as the ratio between these
γ =
(J˙/J)orb
M˙tot/Mtot
, (2.18)
(note that γ in Soberman et al. (1997) has a different meaning, unlike β and ε). It can
easily be derived that γ = q in the case of isotropic re-emission, because matter has
the specific orbital angular momentum of the accretor (Sect. 2.3.1).
MASS ADDED TO ACCRETION DISK In the absence of an accretion disk that can
efficiently transfer angular momentum back to the orbit, the stream and torque terms
in Eq. (2.1) do not cancel out, and the disk becomes a net sink of angular momentum.
In the extreme case of no feedback at all J˙torque = 0, leaving J˙stream =
√
GMaRhM˙d
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FIGURE 2.4: Accretion efficiency ε (Eq. 2.17) for a helium white dwarf donor and
an initially 1.4 M neutron star (solid line) and a 10 M black hole (dashed line)
accretor, in the case of full feedback of angular momentum. Both lines start at their
respective dynamical stability limit (Sect. 2.2.3).
(Hut & Paczyn´ski 1984). The circularization radius Rh is the orbital distance at
which the specific angular momentum is the same as in the incoming stream from
the donor (Osaki 1989), minus the amount of angular momentum removed by the
donor, approximated by (Verbunt & Rappaport 1988)
Rh
a
= 0.0883−0.04858log10(q)+0.11489log210(q)+0.020475log310(q), (2.19)
adjusted for our definition of q = Md/Ma, and valid for 10−3 < q < 1.
In the general case of limited feedback, we introduce a factor η (where 0≤η ≤ 1)
describing the fraction of mass lost from the donor that is (net) added to the disk
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because it cannot be accreted, defined analogous to ε in Eq. (2.16)
M˙disk =−ηM˙d. (2.20)
Conservation of mass is represented by β+ε+η = 1. In the case of full feedback
(η = 0), β may be estimated by assuming that all non-accreted matter leaves the
system, unless the maximum isotropic re-emission rate M˙mir > 0 (Eq. 2.11) is too
low to accomplish this, so
β = min(−M˙mir
M˙d
,1− ε). (2.21)
2.3.2.2 RESPONSE OF SEMI-MAJOR AXIS TO MASS TRANSFER
Combining the above equations, the change in angular momentum of the system J˙orb
because of mass leaving the system or entering the disk is(
J˙
J
)
orb
= γ
M˙tot
Mtot
+η
√
GMaRhM˙d
Jorb
= γ
M˙tot
Mtot
+η
√
(1+q)rh
M˙d
Md
,
(2.22)
with rh = Rh/a.
To find ζa, we first differentiate the logarithm of the equation for orbital angular
momentum to time. We introduce a disk mass term to allow for transferred matter to
stay in the disk instead of being accreted, corresponding to possible limited feedback
to find (
J˙
J
)
orb
=
1
2
a˙
a
+
M˙d
Md
+
M˙a+ M˙disk
Ma
− 1
2
M˙tot
Mtot
, (2.23)
where MdiskMa has been used. Mass added to a disk around the accretor has the
same effect on Jorb as mass that is accreted, because the accretor-disk subsystem is
orbiting the center of mass of the binary. Hence the generalization of accretor mass
to include disk mass.
Equating Eqs. (2.22) and (2.23) eliminates (J˙/J)orb. Inserting Eq. (2.16), M˙tot =
βM˙d and M˙a+ M˙disk = (β −1)M˙d gives
ζa =−2
[
1− (1−β )q− β (γ+
1
2)
1+q−1
−η
√
(1+q)rh
]
. (2.24)
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In the case of full feedback, η = 0 and β + ε = 1. At the onset of mass transfer
from a massive donor, when a disk has not yet formed, η = 1 and ζa = −2[1−
q−√(1+q)rh], identical to the equation in Verbunt & Rappaport (1988); Marsh
et al. (2004). In the case of low-mass donors where accretion is made impossible by
limited feedback, accretion has ceased (ε = 0) and isotropic re-emission has stopped
accordingly (β = 0), hence η = 1. The actual value of η during the evolution of an
UCXB will be considered in Sect. 2.4.1.
The ζL relation as a function of q for ε = 0 is shown in Fig. 2.2 for two accretor
masses and for more general mass flow parameters in Fig. 2.7, for only a neutron
star accretor. The Roche-lobe radius depends on both component masses and angular
momentum losses via its dependence on a, and on the mass ratio via RL/a.
Note that the variables ε , M˙d, ζL, (J˙/J)GW, Md, Ma and M˙Edd, and in the case of
a black hole accretor also Ra, are circularly related to each other through Eq. (2.6),
the gravitational wave equation, and Eqs. (2.17) and (2.13). Hence, iteration at each
mass step is necessary to arrive at the equilibrium values.
2.3.3 WHITE DWARF RADIUS
Now ζL is known, only the response of the white dwarf donor radius to mass loss,
ζd, is still needed to evaluate Eq. (2.6). We justify the use of a zero-temperature
white dwarf mass-radius relation by noting that thermal pressure is negligible for
significantly degenerate objects such as white dwarfs with a mass above 0.01 M,
and still quite small for lower masses. From the mass-radius relations derived by
Deloye & Bildsten (2003) it follows that the effect of ideal gas pressure on the radius,
additional to degeneracy pressure and Coulomb attraction, is less than 10% for Md >
10−2 M when the temperature T = 106 K, less than 2.3% for Md > 4× 10−3 M
when T = 105 K and less than 0.1% for Md > 10−3 M when T = 104 K. Temperature
is important only for very low-mass or very hot donors. For a mass ratio below
∼ 0.01, donor radii could be 10− 30% higher than for the zero-temperature case
(Nelson & Rappaport 2003). Furthermore, we consider only degenerate donors, since
any fusion will be extinguished on a relatively short timescale after some mass has
been lost (Savonije et al. 1986; Yungelson 2008). Also, a non-degenerate outer layer
can have a significant effect on the radius response to mass loss, but again this is
temporary – once the layer has been lost, a degenerate object remains.
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The radius Rd of a zero-temperature white dwarf (the ratio of atomic number to
atomic weight Z/A = 1/2) of mass Md by Eggleton (Rappaport et al. 1987) is
Rd
R
= 0.0114
[(
Md
MCh
)−2/3
−
(
Md
MCh
)2/3]1/2
×
[
1+
7
2
(
Md
Mp
)−2/3
+
(
Md
Mp
)−1]−2/3 (2.25)
with MCh = 1.44 M. For a helium white dwarf, Mp = 5.66× 10−4 M and for a
carbon-oxygen white dwarf (assuming 50% of each element) Mp = 1.44×10−3 M,
valid for 0 < Md < MCh (Marsh et al. 2004). ζd ≡ ∂ lnRd/∂ lnMd is determined by
logarithmic differentiation
ζd =−13
1+
(
Md
MCh
)4/3
1−
(
Md
MCh
)4/3
+ 23
 1+ 73
(
Md
Mp
)1/3
1+ 72
(
Md
Mp
)1/3
+
(
Md
Mp
)
 (2.26)
and is illustrated by the dashed line in Fig. 2.2. Throughout this chapter we con-
sider helium white dwarfs, though all results except quantitative details and the disk
instability details also apply to carbon-oxygen composition.
2.3.4 PROPELLER EFFECT
2.3.4.1 MAGNETIC FIELD OF NEUTRON STAR ACCRETORS
Neutron stars typically possess a strong magnetic field. During accretion, the mag-
netic field strength is reduced (Bhattacharya & van den Heuvel 1991), but even for
old millisecond pulsars with a spin period below 30 ms, it can still be 108−9 G (Wang
et al. 2011). The magnetic field which is locked to the neutron star is supposed to
penetrate the accretion disk, and in the case of a rapidly spinning neutron star, the
outer magnetosphere forces the orbiting matter to velocities exceeding the local Ke-
pler velocity by exerting a torque. As a result of the angular momentum gained,
disk material in this region moves outwards, which reduces accretion and can lead to
unbinding the matter from the system.
2.3.4.2 CRITICAL MASS TRANSFER RATE
The Alfvén radius (also known as magnetosphere radius) is the distance from the
neutron star below which the magnetic energy density (i.e., magnetic pressure) dom-
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inates the ram pressure in the accretion disk (Lamb et al. 1973).
B2
8pi
= ρv2K, (2.27)
with B = BNS(RNS/R)3 the magnetic induction of the neutron star (NS) in vacuum,
BNS the stellar surface field at the magnetic equator, ρ the average density at radius
R and vK =
√
GMNS/R the Keplerian orbital velocity.
We use the spherical continuity equation (see justification in Sect. 2.3.4.3)
M˙NS = 4piR2ρvff, (2.28)
with vff =
√
2vK the free-fall velocity, to eliminate ρ and solve for the Alfvén radius
(Davidson & Ostriker 1973; Elsner & Lamb 1977)
Rµ =
(
µ4
2GMNSM˙2NS
)1/7
, (2.29)
where µ = BNSR3NS is the magnetic dipole moment of the neutron star.
Since the magnetic field lines are dragged along with the neutron star’s rotation,
their orbital angular frequency equals the spin angular frequency ωs of the neutron
star. At a distance R from the neutron star, the corotating field lines have an orbital
velocity ωsR. This equals the Keplerian velocity at the corotation radius
Rco =
(
GMNS
ω2s
)1/3
. (2.30)
The propeller effect acts only if the magnetic field energy dominates the kinetic en-
ergy of the disk beyond the corotation radius, and when the orbital velocity of the
field lines exceeds the escape velocity at the Alfvén radius (Rappaport et al. 2004),
i.e., ωsRµ >
√
2vK,µ , where vK,µ is the Kepler velocity at Rµ , so ωs >
√
2ωK,µ which
implies Rµ > 21/3Rco. Inserting Eqs. (2.29) and (2.30) yields the propeller criterion
M˙NS <
µ2ω7/3s
(2GMNS)5/3
. (2.31)
2.3.4.3 DISK ACCRETION
By using the thin disk description by Dunkel et al. (2006) it follows that the magnetic
field is far too weak to dominate the gas flow in the disk even for the lowest expected
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accretion rates. Even for the slightly unrealistic case of a neutron star with a 109 G
equatorial magnetic field and a 1 ms spin period, the magnetic field only dominates
the kinetic energy of the Kepler flow at the corotation radius if the mass transfer rate is
lower than 10−16 M yr−1, ∼1010 times lower than for the spherically infalling case.
High density blobs of gas can also dominate the magnetic field and be accreted (Aly
& Kuijpers 1990). Such blobs could form if matter piles up near the Alfvén radius,
held back by the magnetic field, and enter once enough matter has accumulated.
The conclusion is that Eq. (2.29) is an upper limit for the Alfvén radius since the
accretion is not spherical as assumed in Eq. (2.28) but occurs in a disk. However,
since the density and the geometry of the interacting disk-magnetosphere region is
poorly known, we choose to allow for disk accretion in the equations by also consid-
ering an effective magnetic field strength at the stellar surface which is smaller than
the real field strength BNS.
2.3.5 DISK INSTABILITY MODEL
A rough estimate for the lowest stable mass transfer rate for helium composition was
made by in’t Zand et al. (2007) based on Lasota (2001) and Menou et al. (2002)
M˙crit ≈ 3×10−10
(
Ma
M
)0.3(Porb
hr
)1.4
M yr−1 (2.32)
where Porb is the orbital period. Once the mass transfer rate decreases below this
value, a thermal-viscous instability appears (Sect. 2.2.6.4) and the disk experiences
outbursts. The timescale on which an accretion disk rebuilds after a collapse is equal
to Mdisk/M˙d, where the disk mass is given by
Mdisk =
∫ Rout
Rin
2piRΣ(R)dR, (2.33)
with Σ the surface density for zone C in Dunkel et al. (2006). Rin and Rout are the
inner and outer disk radii and will be estimated later.
The Disk Instability Model is still not fully understood, as illustrated by the case
of SS Cygni, a dwarf nova that according to the Disk Instability Model is too bright
and hot to have an unstable disk (Schreiber & Lasota 2007). This increases the uncer-
tainty in the mass transfer rate given by Eq. (2.32). On the other hand, the interme-
diate state in AM CVn systems seems to be predicted quite well (Tsugawa & Osaki
1997).
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2.4 RESULTS
2.4.1 FEEDBACK OF ANGULAR MOMENTUM
Since η is the most uncertain mass flow parameter in Sect. 2.3.2.1, here we first look
into the likelihood of limited feedback of angular momentum at some low mass ratio.
If the torque between outer disk and donor is too weak, a dynamical instability may
result (Sect. 2.2.6.1).
Also mentioned in Sect. 2.2.6.1 was that Yungelson et al. (2006) and Lasota
(2008) have suggested that a resonance between the orbital period and the (mean) pe-
riod of particles in the disk may prevent the accretion disk from redistributing angular
momentum. Also, when q. 0.02, the circularization radius exceeds the estimates of
the outer radius by Paczyn´ski (1977) and Papaloizou & Pringle (1977) (∼0.48a, see
the stars and pluses in Fig. 2.5) which could hinder accretion, and at the same time re-
duce the feedback of angular momentum, making the binary less stable. Their value
of q = 0.02 can be refined by using the adjusted circularization radius equation by
Verbunt & Rappaport (1988) (dotted line in Fig. 2.5), who correct the circularization
radius Rcirc/a= (1+q)(dL1/a)4 (Frank et al. 2002) (dash-dotted) for the effect of the
donor on the stream of matter. During this process, angular momentum is extracted
from the stream, so Rh < Rcirc. Using Rh (Eq. 2.19) instead of Rcirc lowers the critical
mass ratio to q = 0.01 (Fig. 2.5). Figure 2.5 also shows that the location of the first
Lagrangian point (solid line) is very close to the donor at low mass ratio, and that the
equatorial Roche-lobe radius (dashed line) also approaches the L1 point, because the
equatorial accretor Roche lobe becomes more circular rather than teardrop-shaped at
low mass ratio.7
We ran numerical smoothed particle hydrodynamics (SPH) simulations such as
that in Fig. 2.6 which show that disks function properly even at a very low mass ratio.
The figure shows a disk in dynamical equilibrium after 400 orbits (see Simpson &
Wood (1998) and Wood et al. (2009) for details of the numerics). The simulations
show that the disk fits well inside the Roche lobe (triangles in Fig. 2.5). This confirms
the conclusion of Priedhorsky & Verbunt (1988), who used an accretion disk model
to find that the disk expansion is not stopped at 0.48a and that the disk stays within
the accretor Roche lobe (circles in Fig. 2.5) and tidal torques are strong enough to
transfer back all angular momentum. Also, nothing special appears to happen in the
disk near the most important resonant radii, the circles in Fig. 2.6. Hence, η remains
7Note that the equatorial Roche-lobe radius is significantly larger than the average radius over the
whole volume (Eq. 2.12), similar to an equatorial bulge.
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FIGURE 2.5: Important radii within the accretion disk; the distance between the ac-
cretor and the L1 point dL1 (solid line), the average equatorial Roche-lobe radius (i.e.,
in the orbital plane) (dashed line), the circularization radius Rcirc (dash-dotted line)
and Rcirc corrected for donor influence during free-fall, Rh (dotted line, Eq. 2.19).
Furthermore, the pluses (+) indicate the outer tidally stable radius from Papaloizou &
Pringle (1977). The stars (?) indicate the largest orbit that does not intersect others,
according to Paczyn´ski (1977) (which lies near the 3:1 resonance). The two open
circles are outer disk estimates by Priedhorsky & Verbunt (1988), and the three filled
triangles are outer disk radii from our SPH simulations.
zero at very low mass ratio. In the remainder of this chapter we will consider the
full-feedback case, except for Sect. 2.4.2.3, where we will show evolutionary tracks
for the case in which feedback somehow stops at a low mass ratio.
Observations of binaries cannot rule out the existence of a dynamical instability
since no systems with an upper mass ratio below 0.01 have been discovered, although
a couple have minimum mass ratios below this limit (Galloway et al. 2002; Krimm
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FIGURE 2.6: Numerical smoothed particle hydrodynamics simulation of an accretion
disk in dynamical equilibrium for mass ratio 10−3 after 400 orbits. The solid line
represents the equatorial Roche lobes. The accretor has been marked by a small open
circle. The dashed circles indicate the 3:1 (inner) and 2:1 (outer) resonances with the
orbital period.
et al. 2007; Altamirano et al. 2010).
2.4.2 THE EVOLUTION OF ULTRACOMPACT X-RAY BINARIES
The key elements in understanding the evolution of UCXBs are represented by Eq.
(2.6). Mass transfer is driven by gravitational wave radiation, and also depends on
the relative responses of donor and Roche-lobe size to mass transfer. In Sect. 2.4.1
we found that advected angular momentum will be returned from disk to orbit for
any mass ratio, which constrains ζL and allows us to solve all relevant binary pa-
rameters during the entire evolution when assuming stable accretion, rather than in
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outbursts. A system can survive the onset of mass transfer only if the accretor can
eject all transferred matter exceeding the Eddington limit via isotropic re-emission.
For any realistic stellar-mass accretor, a merger can be avoided if the white dwarf
donor has a mass below ∼0.3 M. Mass transfer is dynamically stable if, upon mass
loss, the donor expands less than its Roche lobe (Eq. 2.8), that is, when the solid line
in Fig. 2.7 lies below the dashed line. UCXBs with black hole accretors can theoret-
ically exist, but may be rarer than neutron star UCXBs due to the steep slope of the
initial mass function. However, the binary survival rate during the supernova event
can be different for black hole formation than it is for neutron star formation due to a
different kick velocity distribution.
2.4.2.1 EVOLUTION IN THE CASE OF FULL FEEDBACK
In Fig. 2.8, the mass transfer rate starts very high because of the massive donor and es-
pecially because of the short orbit. The first part of the tracks lies above the isotropic
re-emission limit (dashed lines, Sect. 2.2.4), which means that a system cannot sur-
vive here, this part of the tracks is shown just for illustration. Isotropic re-emission of
super-Eddington mass transfer is possible for donor mass below 0.37 M and orbital
period above 1.8 min. For lower donor mass (0.08 M, with a corresponding orbital
period of 8 min), the mass transfer rate decreases below the Eddington limit (dotted
lines), and from here on conservative mass transfer is possible (Fig. 2.4). At later
times, the mass transfer rate reaches the thermal-viscous disk instability rate (dash-
dotted lines, Sect. 2.3.5). The donor mass is about 0.02 M at this point, and the
orbital period 28 min in the case of a helium disk. Systems with a longer period than
this do no longer have stable accretion disks. After 10 Gyr of mass transfer, a system
with a 1.4 M neutron star accretor would have a donor mass of 4.2×10−3 M and
an orbital period of 85 min. In the case of a 10 M black hole accretor, the donor
mass would be 2.6× 10−3 M and the orbital period 111 min. (The 10 Gyr given
here, as well as ages given elsewhere in this chapter, is the time measured after the
onset of mass transfer to the neutron star or black hole.) These systems technically
do not fall under the present (observational) definition of UCXBs (an orbital period
. 60 min). Gravitational wave radiation is stronger in systems with a more massive
accretor, therefore the black hole track in Fig. 2.8 lies above the neutron star track (to
be explained in Sect. 2.4.2.2).
Figure 2.9 is a linear graph showing more clearly how the orbital period increases
with time, initially the period increases very rapidly, and slowly later on. Systems
with a massive accretor reach a given orbital period earlier on, because of their shorter
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FIGURE 2.7: Mass-radius relation exponent ζL (Sect. 2.3.2) for various modes of
mass transfer from a zero-temperature helium white dwarf to a neutron star of initially
1.4 M with a 12 km radius. The lower dotted line shows the case of accretion effi-
ciency ε = 0 and full feedback (η = 0) (almost all transferred matter lost via isotropic
re-emission, hardly any accretion). The middle dotted line is for ε = 1 and η = 0
(conservative mass transfer). The upper dotted line is for no feedback (η = 1). The
zero-temperature white dwarf exponent ζd (Sect. 2.3.3) is represented by the dashed
line. The solid lines starting at q = 0.59 (Md = 0.83 M, Sect. 2.2.3) indicate the
actual value of ζL (for ε shown in Fig. 2.4) for both the full feedback and no-feedback
case. Until q = 0.01 there is full feedback in either case. Below q = 0.01 the full
feedback case is shown by the lower solid branch, where the open circle denotes an
age of 10 Gyr (since the onset of mass transfer). The no-feedback case has a jump in
ζL at q = 0.01, after which it follows the upper dotted line until the intersection with
the dashed line (filled circle) where donor disruption occurs at a system age of 300
Myr.
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FIGURE 2.8: Mass transfer rates for a zero-temperature helium white dwarf donor
with an initially 1.4 M, 12 km radius neutron star accretor (lower solid line) and
a 10 M black hole accretor (upper solid line), starting at the dynamical instability
limit (i.e., ignoring possible merging), for full feedback. The dashed lines branch-
ing away from these represent the evolution assuming no feedback below q = 0.01
(Sect. 2.4.1). The numbers correspond to the two circles on their left-hand side and
represent the logarithm of the system age (yr), which is the time since the onset of
mass transfer. Indicated are the isotropic re-emission regime (dashed lines, Eq. 2.11),
the Eddington limit (dotted lines) and the accretion disk instability limit by in’t Zand
et al. (2007) (dash-dotted lines, Sect. 2.3.5) Note that the dashed neutron star line at
its local maximum ‘touching’ the upper dash-dotted line is a coincidence.
evolutionary timescale.
THE CHANGE IN ACCRETOR MASS DURING EVOLUTION For young systems
with massive donors, the orbit is so compact that the donor is forced to lose mass
at a high rate in order to avoid a merger. For these systems ε ≈ 0, because most
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FIGURE 2.9: Orbital period against time for a zero-temperature helium white dwarf
donor with an initially 1.4 M, 12 km radius neutron star (lower solid line) and 10 M
black hole (upper solid line) accretor.
mass is expelled from the system by isotropic re-emission. Once the transfer rate
drops below the Eddington limit, ε = 1 from Eq. (2.17) as all transferred mass can
be accreted (Fig. 2.4). This happens at a donor mass of 0.08 M. Because ε goes
from negligible to 1 quickly (in terms of donor mass), the total mass increase of a
neutron star ∆Ma will not exceed −
∫
εM˙d dt = 0.08 M by Eq. (2.16). The angular
momentum associated with ∆Ma is relevant when considering spin up of the accretor,
in Sect. 2.4.3.
OBSERVED POTENTIAL LONG-PERIOD UCXBS The binary millisecond pulsar
HETE J1900.1–2455 has an orbital period of 83.3 min, but a donor much more mas-
sive than systems of the same period following the evolution described here. The
donor is probably a brown dwarf of 0.016−0.07 M (Kaaret et al. 2006).
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Because of their shorter evolutionary timescale, white dwarf–black hole systems
can potentially reach an orbital period of 110 min within the age of the Universe,
if the system is not disrupted at some low mass ratio and mass transfer starts rel-
atively quickly after the Big Bang. There are two low-mass X-ray binaries known
with 90− 115 min periods, viz. 1E 1603.6+2600 at 111 min (Morris et al. 1990)
and XTE 1748–361 at 97 min (Bhattacharyya et al. 2006). Another two low-mass
X-ray binaries have periods just outside this range, SAX J1808.4–3658 at 120 min
(Chakrabarty & Morgan 1998) and GS 1826–238 at 126 min (Homer et al. 1998),
although the last period is uncertain (Liu et al. 2007). All these systems exhibit type
I X-ray bursts so they must harbor a neutron star. The donors are not expected to be
cold white dwarfs since these long periods can not have been reached by evolution
on the gravitational wave timescale.
WHY IS CONSERVATIVE MASS TRANSFER LESS STABLE THAN NON-CONSERVA-
TIVE MASS TRANSFER? ζL for conservative mass transfer (ε = 1) is higher than
for fully non-conservative mass transfer (ε = 0) (the lower two dotted lines in Fig. 2.7)
implying dynamically less stable mass transfer for ε = 1 by Eq. (2.6), when we as-
sume isotropic re-emission and full feedback of angular momentum from disk to orbit
(η = 0). This may seem counter-intuitive since less mass ejection makes a system
more stable because less angular momentum is lost. The explanation is that the lat-
ter effect (represented by the γ-term in ζa, Eq. 2.24) is outweighed by the effect of
the (1− β )q (= εq here) term for all ε and q due to the unfavorable effect on the
accretor mass: in the case of non-conservative mass transfer the accretor gains less
mass, implying a must increase more to compensate for this (J2orb = GaM
2
a M
2
d/Mtot)
than in the conservative case. This effect is enhanced by the increase of ζrL with ε
(Eq. 2.14). For ε = 1, the mass ratio q = Md/Ma decreases faster than for ε = 0. The
more extreme q causes the donor Roche lobe to shrink more (or expand less) upon
mass loss relative to a.
2.4.2.2 WHY DO MASSIVE ACCRETORS SPEED UP EVOLUTION?
Figures 2.1 and 2.8 show that UCXBs evolve faster if they have a more massive
accretor. This is because evolution is driven by gravitational wave radiation. Here we
give the explanation and look into some consequences.
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• The effect of accretor mass on mass transfer rate
For q . 1, the orbital period of a Roche-lobe filling system is only weakly
dependent on the accretor mass (which can be seen from the Roche-lobe ap-
proximation by Paczyn´ski 1971), so the semi-major axis a ∝ M1/3tot for fixed
donor mass, according to Kepler’s third law. From Eq. (2.6) and (J˙/J)GW =
−(32/5)(G3/c5)MdMaMtot/a4 (Landau & Lifshitz 1975) follows that M˙d ∝
Ma/M
1/3
tot , so the mass transfer rate increases with accretor mass for a fixed
donor, even though the orbital separation increases as well. This explains why
the black hole track in Fig. 2.8 lies above the neutron star track. The correction
from ζd− ζL is small unless ζd− ζL approaches zero, as evidenced by the in-
tersection of the tracks in Fig. 2.8, where the black hole system is still further
away from its dynamical stability limit (1.04 M). In reality, this intersection
is not important since systems with an orbital period below ∼ 2 min cannot
survive.
• Systems of the same age after the onset of mass transfer
When we compare systems of the same age, mass transfer is lower in the case
of a more massive accretor (again, except when they are extremely young). The
influence of the lower donor mass outweighs the influence of the more massive
accretor in the gravitational wave equation, causing a lower mass transfer rate
for more massive accretors of a fixed age. An old 1.4 M neutron star accre-
tor system has a mass transfer rate that is ∼ 50% higher than a 10 M black
hole accretor system of the same age, as shown by the fits in Appendix 2.A.
(If the systems did not start with identical donors, the more massive donor will
lose mass fast enough to (almost) catch up with the lower mass donor, on a
timescale much shorter than the typical age of the systems.) A system with a
lower accretor mass consistently experiences a higher mass transfer rate, but
still its donor remains more massive. It can never catch up, because its mass
transfer rate would drop below that of the black hole system in the case of
nearly equal donor masses. Lastly, the gravitational wave timescale for a sys-
tem with a neutron star accretor is ∼7% longer than that of a 10 M accretor
system of the same age, and the orbital period is ∼25% shorter.
To summarize, in the case of an identical donor, |M˙d/Md| and |M˙d| are higher
for systems with a higher accretor mass. For systems of the same age, how-
ever, Md and |M˙d| are lower for a higher accretor mass, whereas |M˙d/Md| is
marginally higher (i.e., mass is transferred on a slightly shorter timescale).
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• Consequences for AM CVn systems
The above also implies that UCXBs evolve on a shorter timescale than AM
CVn systems (which have white dwarfs both as donor and accretor) with an
identical donor. The higher value of ε in AM CVns makes the mass transfer
dynamically less stable and the mass transfer rate higher, but the accretor mass
has a larger impact, unless the donor mass is close to the dynamical stability
limit. For a low donor mass, ζd− ζL is almost independent on the mass ratio
and ε , so the mass transfer rate only depends on the accretor mass. Also, AM
CVns are expected to experience a higher mass transfer rate than UCXBs of
the same age after onset of mass transfer, except again for very young systems.
Old AM CVns have a more massive donor than equally old UCXBs.
2.4.2.3 EVOLUTION IN THE CASE OF NO FEEDBACK AT LOW MASS RATIO
In Sect. 2.2.6.1 we mentioned several proposed mechanisms for reducing feedback
of angular momentum from the disk to the orbit, but we think that none of these will
actually work (Sect. 2.4.1). In the case that after all a mechanism exists that leads to
a reduction in or absence of feedback in systems below a certain low mass ratio, here
we briefly discuss the evolution of such systems, including the dynamical instability
that may follow. We consider the case in which all feedback stops once q < 0.01, i.e.,
η = 1 and β = 0 in Eqs. (2.24) and (2.15) for these mass ratios.
Under this condition, the evolution of ζ for a neutron star accretor UCXB is
shown by the upper solid line in Fig. 2.7. The sudden jump in ζ leads to an increased
mass transfer rate per Eq. (2.6), which speeds up evolution, therefore the low mass
ratio where ζd and ζL meet can be reached well within the age of the Universe. Two
evolutionary tracks are shown as the dashed lines branching away at q = 0.01 from
the solid lines in Fig. 2.8.
DYNAMICALLY STABLE PARAMETER RANGES Figure 2.10 shows which com-
binations of donor and accretor masses are dynamically stable, both in the case of
feedback and the case of no feedback. The accretor mass has a large influence on
when an instability occurs, if at all. The bottom left region enclosed by the solid line
is dynamically stable for mass transfer, even in the absence of feedback. Initial mass
transfer is dynamically unstable for every Md if Ma > 11 M, because of high spe-
cific angular momentum of the stream in low mass ratio systems. The upper border
of this region shows that the highest donor mass that can possibly avoid dynamical
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FIGURE 2.10: Stability regimes in terms of zero-temperature helium white dwarf
donor mass versus accretor mass. The upper solid line is the upper limit for dynami-
cal stability in the presence of an accretion disk that feeds back angular momentum,
where almost all transferred matter is lost via isotropic re-emission. The upper dashed
line is the upper stability limit for isotropic re-emission and the lower dashed line in-
dicates the proposed q = 0.01 lower mass ratio limit for feedback (Sect. 2.4.1). The
lower solid line encloses the parameter space where systems are dynamically stable
in the absence of angular momentum feedback; all matter enters and stays in the disk.
The dash-dotted lines indicate when the propeller effect comes into play according
to Eq. (2.31) for several neutron star spin periods and an equatorial magnetic field of
108.5 G. The dotted isochrones indicate the donor masses for system ages (since the
onset of mass transfer) of 0.1,1,10 Gyr based on full feedback. The dynamical stabil-
ity and isotropic re-emission rates are independent of accretor radius and type, hence
these lines are continuous. Moreover, the dynamical stability rates are independent of
accretor type and therefore also hold for white dwarf accretors.
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instability in the case of no feedback is 0.42 M, for an accretor mass of 5.3 M.8
As explained in Sect. 2.2.5, in practice the upper border will be replaced by a limit of
∼0.5 M. Note that the donor mass at which the low mass ratio dynamical instability
could occur is very sensitive to accretor mass near Ma = 1.4 M. At exactly which
donor mass this instability occurs depends on the mass-radius relation of the donor,
which in turn depends on its temperature and composition.
The upper limit for dynamical stability in the case of full feedback is represented
by the upper solid line in Fig. 2.10. Because ζL (Eq. 2.13) has a minimum of−5/3 for
q→ 0 regardless of ε and γ , any system with a zero-temperature white dwarf donor
mass exceeding 1.07 M is dynamically unstable, even for arbitrarily high accretor
mass.9
AGE OF DISRUPTION If feedback would suddenly stop at q = 0.01, a dynamical
instability would happen immediately if Ma > 4.7 M, and later for less massive
accretors (shown by the intersection between the lower solid and dashed lines in
Fig. 2.10). For an UCXB with a 1.4 M accretor, the instability would happen at an
age of 300 Myr, for Md = 3.2×10−3 M (the upper-left intersection at q= 2.3×10−3
in Fig. 2.7). The reason such a low donor mass could be reached well within 10 Gyr
is the increased mass transfer rate caused by the extra angular momentum sink, about
one order of magnitude for a 1.4 M accretor (Fig. 2.8). A 10 M black hole system
would reach q = 0.01 after already 80 kyr.
Disruption of low-mass donors would happen later than 10 Gyr if Ma < 0.6 M,
this could apply to AM CVn systems. UCXBs with any realistic accretor mass would
suffer disruption well within 10 Gyr.
2.4.3 SYSTEM EVOLUTION DURING THE PROPELLER PHASE
Even though most likely no dynamical instability occurs at low mass ratios, the reg-
ular accretion rates as described in Sect. 2.4.2.1 are idealized. Here we investigate
the UCXB evolution taking a magnetized neutron star accretor into account, using
angular momentum and energy considerations. This gives insight into the feasibil-
8This upper limit is a result of the ζL function in Eq. (2.13) with β = ε = 0 having a minimum of
ζL =−0.48 at q = 0.080, and ζd =−0.48 is solved by Md = 0.42 M in Eq. (2.26).
9Around an intermediate mass or supermassive black hole, an accretion disk can only exist if Ma .
105 M in the case of a 0.6 M white dwarf donor and Ma . 106 M in the case of a 0.1 M white
dwarf donor, since otherwise the innermost stable circular orbit exceeds the semi-major axis.
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ity of the propeller effect (Sect. 2.3.4) removing matter from the system and hence
suppressing accretion onto and X-ray emission from UCXBs.
2.4.3.1 STEADY MASS TRANSFER
First we assume the absence of disk instability (Sect. 2.3.5). This means that matter
approaches the magnetosphere at a constant rate (that is, only varying on the evolu-
tionary timescale). From a magnetic perspective, the evolution can be divided in a
spin up and a spin down stage.
SPIN UP Initially the mass transfer rate is so high that the kinetic energy in the
disk completely dominates the magnetic field energy; the Alfvén radius lies either
at the surface or just outside the neutron star. Moreover, the relatively low initial
accretor spin frequency (and correspondingly large corotation radius) ensures that
any interaction between disk and magnetic field that is still present, causes the neutron
star to spin up rather than matter to be expelled, because the fast rotating disk applies
a torque on the field lines, which leads to transfer of angular momentum from disk
to neutron star. We assume that as long as the Alfvén radius is smaller than 21/3 ≈
1.26 times the corotation radius (Sect. 2.3.4.2), all arriving matter is accreted, and
the amount of angular momentum added to the accretor corresponds to the specific
angular momentum of disk matter at the Alfvén radius. Specific angular momentum
of matter in a Keplerian orbit is proportional to the square root of the distance to
the accretor, and we will find that the typical ratio of the outer disk radius to the
Alfvén radius exceeds 103 during the spin-up stage. Therefore, the fraction of angular
momentum that is not transferred back via the outer disk is at most a few percent, and
our initial assumption of dynamically stable mass transfer holds.
As the neutron star spins up, the corotation radius approaches the neutron star.
At the same time the Alfvén radius moves outwards as a result of decreasing mass
transfer. At an orbital period of 10 min (and a system age of 1 Myr) these two meet.
The surface magnetic field strength at this time is determined by how much mass the
accretor has gained up to this point (Sect. 2.4.2.1). We adopt the empirical relation
for the accretion-induced field decay by Shibazaki et al. (1989), with a residual field
strength of BNS = 108.5 G (Zhang & Kojima 2006). We also assume that the neu-
tron star does not spin when the mass transfer starts, i.e., JNS = 0, since the earlier
common-envelope stage is too short-lived to allow for significant accretion. Also, the
strong initial magnetic field suggests a very low initial spin frequency relative to the
eventual spin frequency.
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FIGURE 2.11: Radii in UCXB accretion disk versus orbital period for a 1.4 M
neutron star accretor with a residual equatorial magnetic field of 108.5 G. The shaded
layer at the bottom represents the neutron star surface, at a radius of 12 km. The
line annotated L1 shows the distance of the first Lagrangian point to the neutron star,
which is an upper limit on the outer disk radius. The circularization radius by Verbunt
& Rappaport (1988) is discussed in Sect. 2.4.1. The two upper dashed lines indicate
the radii where the temperature of a helium disk (Dunkel et al. 2006) equals the He
I ionization temperature, for two values of the viscosity parameter α , as discussed in
Sect. 2.2.6.4. The solid corotation radius line applies to the full propeller case, the
dashed one to the hypothetical full accretion case. The speed-of-light cylinder radius
and Alfvén radius are also shown.
The amount of angular momentum added to the neutron star by accretion is
dJNS = dMNS
√
GMNSRin (2.34)
where Rin is the inner disk radius, which determines the specific angular momentum
of matter in a Keplerian orbit at this radius. We assume that matter stops losing
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angular momentum outwards once it moves inside this radius. Rin = Rµ (Li & Wang
1999) except when the magnetic field does not dominate the Kepler flow anywhere,
in which case the stellar surface is taken, or when Rµ lies outside the speed-of-light
cylinder radius Rc = c/ωs, where corotating field lines would travel at the speed of
light. There, field lines are open and particles can escape by following them outwards.
The value of the inner radius is summarized as
Rin = min(Rc,max(Rµ ,RNS)). (2.35)
From JNS the spin angular frequency ωs is found using JNS = INSωs, where INS ≈
0.357MNSR2NS is the moment of inertia of a 1.4 M, 12 km neutron star (Lattimer &
Schutz 2005). We consider angular momentum accretion rather than energy accre-
tion, because the latter is complicated by radiation losses and orbit coupling.
SPIN DOWN Once the Alfvén radius moves beyond the corotation radius, the torque
is reversed, and matter in Keplerian orbits between the corotation radius and the
Alfvén radius may be accelerated by the super-Keplerian velocity of the field lines,
reducing the accretion rate. Matter near Rµ (or Rc, once smaller) that reaches the
escape velocity then leaves the system on trajectories outside the orbital plane, the
angle between the outflow and the plane being smaller for a stronger propeller effect
(Lovelace et al. 1999; Ustyugova et al. 2006).
Due to its accretion history, the neutron star has gained a large amount of rota-
tional kinetic energy at this stage. The evolution of spin frequency ωs once Rµ >
21/3Rco depends on whether there is enough energy, and whether it can be employed
to unbind all or some fraction of arriving matter. At this point we assume that there
is sufficient energy to unbind all transferred matter when Rµ > 21/3Rco, and will later
find that this is indeed the case. Then, the energy of the neutron star changes as
dENS =
GMNSM˙d
2Rin
dt, (2.36)
where dENS and M˙d are negative, and the factor 2 appears because the total energy
in a Keplerian orbit is half the potential energy. The rotational kinetic energy of the
neutron star is ENS = 12 INSω
2
s , which yields ωs.10
10The solution for ωs is implicit since ωs depends on ENS, which itself depends on the speed-of-light
cylinder radius Rc via Eqs. (2.36) and (2.35).
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SPIN EVOLUTION Figure 2.11 illustrates the evolution of the accretion disk, mag-
netosphere and corotation radius for an UCXB. The dotted part of the Alfvén radius
line (Eq. 2.29) lies beyond the speed-of-light cylinder radius, and therefore the field
lines cannot corotate in this region. The corotation radius is given by Eq. (2.30) and
is proportional to P2/3s , where the accretor spin period Ps = 2pi/ωs. The solid coro-
tation line shows the evolution when no matter is accreted once Rµ > 21/3Rco, but
instead all transferred matter is unbound from radius Rin, extracting energy from the
rotation of the neutron star. For comparison, the dashed corotation line shows the
spin evolution in the hypothetical case in which, once Rµ > 21/3Rco, all matter would
continue to be accreted with specific angular momentum corresponding to Rin instead
of stopped by the magnetosphere. Before Rµ = 21/3Rco, both assume full accretion
so there these two are equal.
Because the corotation radius stays within the Alfvén radius, apparently the early
accretion at a high rate has sufficiently spun up the neutron star to provide enough
energy to unbind any fraction of transferred matter during the whole remainder of
the evolution, when the mass transfer rate is low. This justifies our assumption above
Eq. (2.36).
By using a lower effective equatorial surface magnetic field strength to accom-
modate for disk accretion, as discussed in Sect. 2.3.4.3, less angular momentum is
accreted per unit mass due to the smaller Alfvén radius, but also accretion can con-
tinue for a longer time because the propeller effect appears at a later stage. The result
is that the neutron star is spun up to a lower spin period, while subsequently less en-
ergy is needed to unbind arriving matter because the propeller effect starts at a lower
mass transfer rate. The eventual spin period is lower in the case of a lower effective
magnetic field.
Figure 2.12 shows the spin period directly, rather than the related corotation ra-
dius. The hypothetical case in which the propeller effect does not work, so all matter
is accreted at the stellar surface carrying the local Keplerian specific angular momen-
tum, is shown by the dash-dotted line (Sect. 2.3.4.3). For comparison we include the
observed UCXB neutron star spin periods, which are too small in number and have
too scattered spin periods to have any constraining value to our model.
Now we know that full propeller is energetically possible for UCXBs, does it ac-
tually happen? The observed neutron star spin periods, typically 5 ms, suggest that
at least some spin down is plausible. On the other hand, the faint transient X-ray
binary SAX J1808.4–3658 proves that at least some accretion is still possible onto a
very fast spinning (2.5 ms) neutron star, since it shows type I X-ray bursts (in’t Zand
et al. 1998a). Spruit & Taam (1993); Rappaport et al. (2004) showed that some accre-
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FIGURE 2.12: Spin period versus orbital period for a 1.4 M neutron star accretor
with a residual equatorial magnetic field of 108.5 G, assuming all transferred matter is
propelled out of the system once Rµ > 21/3Rco (solid line, Sect. 2.3.4.2), or hypothet-
ically keeps being accreted (dashed line), or hypothetically is accreted at the neutron
star surface all the time (dash-dotted line). Observed millisecond pulsar-UCXB pa-
rameters are represented by filled circles; XTE J1807–294 at an orbital period of 40.07
min (Markwardt et al. 2003a) and a spin period of 5.25 ms (Markwardt et al. 2003b),
XTE J1751–305 at 42.42 min, 2.30 ms (Markwardt et al. 2002), XTE J0929–314 at
43.58 min, 5.40 ms (Galloway et al. 2002), SWIFT J1756.9–2508 at 54.70 min, 5.49
ms (Krimm et al. 2007) and NGC 6440 X-2 at 57.3 min, 4.86 ms (Altamirano et al.
2010). The open circle represents 4U 0614+091, which harbors a 2.41 ms pulsar
(Strohmayer et al. 2008) and has a tentative orbital period of 51.3 min (Shahbaz et al.
2008; Hakala et al. 2011).
tion likely persists assuming the inner disk radius comes quite close to the corotation
radius. They also mentioned that this disk structure probably breaks down at very
low mass transfer rate, and that full propelling probably happens then. Simulations
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by D’Angelo & Spruit (2011) showed that accelerated matter does not necessarily
leave the system, because the inner disk radius may remain trapped at some short
distance outside the corotation radius. This scenario, however, appears more likely
for stronger magnetic fields (∼1012 G) than the ones considered here, and for stars
with a much shorter spin-down timescale than millisecond pulsars. Therefore, a non-
accreting state seems more likely for UCXBs containing a recycled neutron star, and
the propeller effect may work depending on whether the inner disk radius exceeds
the corotation radius by a sufficiently large ratio.
Whether accretion at very low mass transfer rate is possible or not in a system
with a stable accretion disk perhaps is not the right question to ask, since accretion
most likely occurs irregularly. Figure 2.11 suggests that a helium disk (and also a
carbon-oxygen disk, which is not shown) remains divided in a neutral outer part and
an ionized inner part, where the inner part at all times is too large for the magne-
tosphere to disrupt. This implies that the disk instability remains relevant and will
come into play once the mass transfer rate becomes too low (Sect. 2.2.6.4).
2.4.3.2 NON-STEADY MASS TRANSFER
Varying mass flow rates and densities near the accretor have a large impact on the
interaction between the disk and the magnetic field. For instance, Spruit & Taam
(1993) described cycles of accretion, during which matter piles up outside the Alfvén
radius until the local density is such that the inner disk forces the Alfvén radius in-
wards, allowing accretion. When the disk density decreases, the Alfvén radius moves
outwards again. In Fig. 2.11 it can be seen that the Alfvén radius at Eddington-limit
mass transfer is almost equal to the late-time corotation radius, but taking into ac-
count the decreasing magnetic field, the Alfvén radius will always lie well inside the
corotation radius at the maximum accretion rate, so a near-Eddington outburst can
always be accreted.
In Sect. 2.3.5 we have discussed under which circumstances accretion could be-
come irregular due to thermal-viscous disk instability. When the mass transfer rate
has become sufficiently low, the disk periodically collapses and builds, which leads
to high mass transfer rates near the accretor every cycle. The recurrence time is the
time it takes until the empty disk is refilled. Figure 2.13 shows the recurrence time
for our UCXB model. The inner disk radius Rin is given by Eq. (2.35) in the case of
a neutron star accretor and 3 Schwarzschild radii in the case of a black hole accretor.
The outer radius is estimated by Rout ≈ 0.9dL1 based on Fig. 2.5. The recurrence
time is increasing because the mass transfer rate decreases faster than the disk mass.
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FIGURE 2.13: Recurrence time for a 1.4 M neutron star accretor with a residual
equatorial magnetic field of 108.5 G (solid lines) and for a 10 M black hole accretor
(dashed lines) with a helium disk described by Dunkel et al. (2006), for two values
of the viscosity parameter α , of which 0.02 probably best describes the disk viscosity
in quiescence. Disk instability becomes relevant to the right of the vertical line at 28
min. The circles indicate an age of 10 Gyr. The discontinuity in the slopes of the
neutron star lines at an orbital period of 29 min is because the speed-of-light cylinder
defines the inner disk radius beyond this period (Fig. 2.11).
During quiescence the disk viscosity is low, of the order of α = 0.02 (Lasota 2001).
Systems of age 109−10 yr with a neutron star accretor have a recurrence time of hun-
dreds of years. In the case of an equally old system with black hole accretor, this
time is a bit shorter. The long recurrence time suggests that systems are only rarely
observable as bright X-ray sources, so that at any given time, only a small fraction of
a population is visible.
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2.5 DISCUSSION AND CONCLUSIONS
We have studied the evolution of ultracompact X-ray binaries, and in particular their
characteristics at an old age, when they reach a very low mass ratio and low mass
transfer rate. The aim is to investigate how likely the occurrence of a dynamical
instability is, and how important the propeller effect and disk instability are.
If the feedback of angular momentum from disk to orbit were to be reduced,
the lifetime of an UCXB would be dramatically shortened. Based on accretion disk
simulations (Sect. 2.4.1), we conclude that an accretion disk in a system of any re-
alistically achievable mass ratio is neither significantly affected by resonant orbits,
nor does it expand outside the accretor Roche lobe. The latter is in agreement with
Priedhorsky & Verbunt (1988). Most likely the disk is still capable of full feedback
of angular momentum to the orbit so that the donor will never be disrupted. Conse-
quently, unless a new mechanism is discovered that limits or stops feedback, or pulsar
radiation evaporates the donor by heating and stripping off the outer layers (Kluz´niak
et al. 1988; Ruderman et al. 1989a; Shaham 1992), or UCXBs become temporarily
detached at some stage, the vast majority of UCXBs today will have orbital periods
around 70−80 min and experience low mass transfer rates of 10−13−10−12 M yr−1,
depending on the precise mass-radius relation of the donor. (Systems that started
mass transfer more recently will have shorter orbital periods, but since the evolu-
tionary timescale increases rapidly with increasing orbital period, most systems are
expected to have a long orbital period at the present. The time between the zero-age
main sequence and the onset of mass transfer is in general short, as will be shown in
Chapter 5.)
However, all ∼15 known UCXBs have much shorter orbital periods, below 60
min. Since these short-period systems evolve on a much shorter timescale than long-
period systems, there must exist a much larger population of apparently invisible, old,
long-period UCXBs in the Galaxy. A strong selection effect hides the large popula-
tion of relatively common systems so that we see only a couple of much rarer systems
during their short-lived high mass transfer phase. The bolometric luminosity corre-
sponding to a constant mass transfer rate of ∼10−13 M yr−1 is ∼5×1032 erg s−1,
within the observational limits of the best present-day X-ray telescopes even at a
distance of 8 kpc (the distance to the Galactic Bulge) if these systems emit predom-
inantly in X-rays. Then, the only consistent resolutions are that these long-period
systems are even fainter than expected, or visible only a small fraction of the time.
These resolutions are supported by the propeller effect and the disk instability model,
respectively.
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The propeller effect probably strongly influences accretion in UCXBs, especially
at very low mass transfer rates. In the event of a stable disk, rotational kinetic energy
stored in the neutron star during the accreting stage is sufficient to expel all matter
arriving at the magnetosphere from the system once the propeller effect starts to work.
Therefore, systems with a stable accretion disk could have a significantly reduced X-
ray luminosity.
However, the disk instability model, which describes how disks periodically build
and collapse, still applies at the very low mass transfer rates expected in UCXBs.
During a collapse, matter is capable of penetrating the magnetosphere and reach the
stellar surface, which means that observationally the system appears as a transient
X-ray source. Based on estimates of the disk structure, the recurrence time of old (10
Gyr) systems is of the order of a few 100 yr, depending on at what mass transfer rate
the disk becomes unstable, among other things. Since black hole accretor systems do
not suffer from the propeller effect, these would be expected to be better visible, but
none have been discovered so far. Apparently they are much rarer than their neutron
star accretor counterparts, or disk instability is the dominant process in making low
mass ratio UCXBs nearly invisible.
A third mechanism that can inhibit the X-ray visibility of a black hole UCXB is
the inefficiently radiating disk (ADAF – advection dominated accretion flow) (Narayan
& Yi 1994; Lasota 2008). In ADAFs, most of the thermal energy stored in the inner
disk is accreted into the event horizon. For a neutron star UCXB this does not apply
as the energy would still be released upon accretion.
Lastly, UCXBs with a low mass transfer rate may also become fainter in X-rays
if they emit a significant fraction of their energy as UV or even optical radiation.
The Dunkel et al. (2006) central disk temperature for helium composition is given
by Tc ∝ M˙3/10 or M˙2/5 depending on the choice of opacity, while a thick disk has
T ∝ M˙1/4, so the disk spectrum shifts to longer wavelengths as the mass transfer rate
decreases. The hot inner part of the disk, origin of most radiation, still emits mainly
X-rays, with the result that the disk as a whole emits more than half of its energy as
X-ray radiation, even at the lowest mass transfer rates that we find. The inner disk,
however, is affected by the magnetic field in the case of neutron star accretors (in
particular at low mass transfer rate), and can become an ADAF in the case of black
hole accretors. In these cases the outer disk spectrum becomes more important and
the system may emit most radiation in the UV, which is difficult to observe due to
absorption (Campana & Stella 2000).
The consequences of the evolutionary behavior of UCXBs for the population in
the Galactic Bulge will be the topic of Chapter 5.
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2.A FITTED TRACKS
Sometimes it is useful to have simple analytic estimates of the evolution of the quan-
tities involved. For this purpose we provide power-law approximations of the tracks
with full feedback of angular momentum, optimized for system age (time since the
onset of mass transfer) t ∈ [1 Myr,20 Gyr],
M˙d ≈ f1te1
Porb ≈ f2te2
Md ≈ f3te3
M˙d ≈ f4Pe4orb
Md ≈ f5Pe5orb
M˙d ≈ f6Me6d
(2.37)
with t in yr, the mass transfer rate M˙d in M yr−1, the orbital period Porb in min
and the donor mass Md in M. The corresponding parameters fi and ei for accretor
masses Ma = 1.4 M and 10 M are listed in Table 2.1. The exponent in the M˙d(t) re-
lation (e1) must be roughly 1 lower than in the Md(t) relation (e3), but not necessarily
precisely 1 because both tracks have been fitted separately.
For an initially 1.4 M neutron star accretor, these relations fit the modeled he-
lium white dwarf tracks (shown in Figs. 2.1, 2.8 and 2.9) with an average error of
4.3%, in the tracks t = 1 Myr corresponds to Porb = 9.0 min, M˙d = 2.1×10−8 M yr−1
(lower than the Eddington limit; mass transfer is conservative for the whole range)
and Md = 0.074 M.
Similarly for an initially 10 M black hole accretor, where the average error is
5.3%. For a 10 M black hole, t = 1 Myr corresponds to Porb = 12.3 min, M˙d =
1.4×10−8 M yr−1 and Md = 0.050 M.
From the fitted parameters as well as in Fig. 2.1, it can be seen that all slopes are
nearly independent of accretor mass. Also, the Md(Porb) relations are rather similar
for both accretor masses, as expected.
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TABLE 2.1: Values for the parameters in Eqs. (2.37). 1.4 M and 10 M are the
accretor masses. The fitted tracks are discussed in Appendix 2.A and the analytic
approximations in Appendix 2.B. The analytic parameters ei as well as f5 belong to
both accretor masses.
Fitted tracks Analytic approximations
Parameter 1.4 M 10 M 1.4 M 10 M
f1 1.18 0.882 0.736 0.515
f2 0.326 0.482 0.196 0.281
f3 5.92 4.62 2.70 1.89
f4 3.01×10−3 1.61×10−2 3.71×10−4 1.38×10−3
f5 1.38 1.69 0.530
f6 7.75×10−4 1.87×10−3 7.15×10−3 2.65×10−2
e1 −1.29 −1.29 −14/11 (≈−1.27)
e2 0.242 0.237 3/11 (≈ 0.273)
e3 −0.313 −0.323 −3/11 (≈−0.273)
e4 −5.32 −5.45 −14/3 (≈−4.67)
e5 −1.29 −1.36 −1
e6 4.11 4.01 14/3 (≈ 4.67)
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2.B APPROXIMATE ANALYTIC SOLUTION
By making a few mild assumptions it is possible to solve almost the entire evolution
(assuming full feedback of angular momentum to the orbit) of a binary containing a
zero-temperature helium white dwarf donor analytically, except for the early stages
when the donor mass is high. These derivations only serve to gain physical insight
into the evolution of UCXBs – throughout this chapter numerical solutions of more
precise equations have been used.
First we approximate the low-mass white dwarf mass-radius relation from Eq. (2.25)
by the non-relativistic relation
Rd/R = 10−2(Md/M)−1/3, (2.38)
which is accurate around Md = 0.01 M (and within 20% of the radius given by
Eq. (2.25) for 4×10−3 < Md/M < 1), but still represents the largest simplification
made here. By substituting the white dwarf radius from Eq. (2.38) into the Roche-
lobe radius in the well-known period-mean density relation Porb = 9pi
√
R3L/(2GMd)
we find the orbital period of a system with a white dwarf donor,
Porb = AM−1d (2.39)
with the constant
A = 9pi10−3
√
MR3
2G
≈ 0.53 Mmin. (2.40)
The orbital period is inversely proportional to donor mass (and proportional to donor
volume). The mass transfer rate is given by Eq. (2.6), in which ζd = −1/3 follows
from Eq. (2.38) and ζL = −5/3 is the low mass ratio limit of Eq. (2.13) for η = 0.
Furthermore, we can use the gravitational wave equation and Kepler’s third law to
replace a by Porb to obtain
M˙d =−485
G5/3
c5
Ma
M1/3tot
M2d
(
2pi
Porb
)8/3
. (2.41)
Lastly, MdMa implies Mtot ≈Ma, and we substitute Eq. (2.39) for Porb to express
the mass transfer rate in only the component masses
M˙d =−CM2/3a M14/3d (2.42)
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with the constant
C =
48
5
G5/3
c5
(
2pi
A
)8/3
≈ 0.0057 M−13/3 yr−1. (2.43)
Equation (2.42) shows that the mass transfer rate depends strongly on donor mass.
8/3 out of the 14/3 power is due to massive donors having a shorter semi-major
axis when they fill their Roche lobe, which results in stronger gravitational wave
radiation. The direct effect of the high donor mass is slightly smaller with 2 out of
14/3. Alternatively, the mass transfer rate can be expressed as a function of accretor
mass and orbital period
M˙d =−CM2/3a
(
Porb
A
)−14/3
. (2.44)
By integrating the mass transfer rate given by Eq. (2.42), we obtain the system age t
as a function of component masses
t =
∫ Md
∞
dM′d
M˙′d
=
3
11C
M−2/3a M
−11/3
d (2.45)
where integrating from ∞ is justified by the negligibly short timescale associated with
a high donor mass, as evidenced by the −11/3 power of the donor mass. The donor
mass as a function of time follows,
Md =
(
3
11C
)3/11
M−2/11a t−3/11 (2.46)
and by substituting Eq. (2.39)
Porb = A
(
11C
3
)3/11
M2/11a t3/11. (2.47)
The evolutionary timescale is∝P11/3orb , even steeper than the gravitational wave timescale
in a detached binary (∝ P8/3orb ) due to the effect of the donor mass. Finally, differenti-
ating Eq. (2.46) to time yields
M˙d =−
(
3
11
)14/11
C−3/11M−2/11a t−14/11. (2.48)
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As mentioned in Sect. 2.4.2.2 it shows that when comparing for systems with the
same age, a less massive accretor corresponds to a higher donor mass and mass
transfer rate. The mass transfer timescale of systems of fixed age t is given by
|Md/M˙d| = 113 t. This value is 2/3 times the gravitational wave timescale, and is
independent of accretor mass in this approximation. As we saw in Sect. 2.4.2.2,
however, this timescale is very slightly (∼7% for a factor 7 in accretor mass) shorter
for high-mass accretor systems when we use the more precise mass-radius relation.
Above relations are valid for Md . 0.2 M. Table 2.1 lists numerical values for
the parameters in several equations given above.
2.B.1 LUMINOSITY
By assuming an accretor radius and taking the time-averaged bolometric luminosity
of an UCXB as
L =−GMaM˙d
2Ra
(2.49)
where M˙d is still defined as negative, and by using Eq. (2.44), we can express the
following quantities in the observables L and Porb:
Ma =
(
2Ra
CG
L
)3/5(Porb
A
)14/5
(2.50)
and
M˙d =−C3/5
(
2Ra
G
L
)2/5(Porb
A
)−14/5
. (2.51)
By combining Eqs. (2.47) and (2.50) the system age follows
t =
3
11
C−3/5
(
2Ra
G
L
)−2/5(Porb
A
)9/5
. (2.52)
2.C FIRST LAGRANGIAN POINT LOCATION APPROXIMA-
TIONS
The distance between the first Lagrangian point (L1) and binary component 2 is given
by
d(L1,2)
a
=
(
1+
(
3tanh(ln(q)/11.8)q
)−0.3295−1/(21.3+0.559ln2(q)))−1
(2.53)
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where the relative errors in d(L1,2) and d(L1,1) are less than 0.015% for 7×10−4 <
q = M2/M1 < 1.5×103 and less than 0.1% for 10−6 < q < 106.
The next two expressions are only valid for q≤ 1. The distance between L1 and
the least massive binary component (2), valid within 0.02% (again, this is the relative
error in the distance to either component) for 7×10−5 < q=M2/M1 ≤ 1, is given by
d(L1,2)
a
=
(
55
49
+q−31/42 ln
(
1+
66
47
q29/72
))−1
. (2.54)
A simpler but less accurate (< 0.5%) expression, inspired by the form of the
Eggleton Roche-lobe equation (2.12), is11
d(L1,2)
a
=
(
1+
ln(1+q1/3)
(q2/3)1/3
)−1
(2.55)
where 0 < q = M2/M1 ≤ 1.
Warner (2003, chap. 2) lists three approximations of the L1 location, but those
are valid over a much smaller range in mass ratio and have much larger errors than
our equations.
2.D ROCHE-LOBE POTENTIAL APPROXIMATIONS
Two simpler but less accurate versions of Eq. (2.10) are given here. For a binary with
0 < q = M2/M1 ≤ 1, the potential at the Roche-lobe surface ΦL is approximated to
within 0.4% by
−ΦL
GM1/a
=
3/2+(10q2)1/3
1− (q/5)3/2 (2.56)
and to within 1% by
−ΦL
GM1/a
=
3
2
+2.46q0.73. (2.57)
11By adjusting the first term inside the large brackets (the 1) to 0.995, the maximum error reduces
to 0.3%, but the approximation at q = 1 becomes worse and matches less well with its continuation at
q > 1.
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ABSTRACT
Context. Recently the discovery of PSR J1719–1438, a 5.8 ms pulsar
with a companion in a 2.2 hr orbit, was reported. The combination of
this orbital period and the very low mass function is unique. The dis-
coverers, Bailes et al., proposed an ultracompact X-ray binary (UCXB)
as the progenitor system. However, the standard UCXB scenario would
not produce this system as the time required to reach this orbital period
exceeds the current estimate of the age of the Universe. The detached
state of the system aggravates the problem. The inclination of the sys-
tem is an important unknown, and Bailes et al. noted that for very low (a
priori very unlikely) inclinations the system is better explained as having
a brown dwarf companion rather than an UCXB origin.
Aims. We want to understand the evolutionary history of PSR J1719–
1438, and determine under which circumstances it could have evolved
from an UCXB.
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Methods. We model UCXB evolution varying the donor size and in-
vestigate the effect of a wind mass loss from the donor, and compare the
results with the observed characteristics of PSR J1719–1438.
Results. An UCXB can reach a 2.2 hr orbit within the age of the Uni-
verse, provided that 1) the millisecond pulsar can significantly heat and
expand the donor by pulsar irradiation, or 2) the system loses extra or-
bital angular momentum, e.g. via a fast wind from the donor.
Conclusions. The most likely scenario for the formation of PSR J1719–
1438 is UCXB evolution driven by angular momentum loss via the usual
gravitational wave emission, which is enhanced by angular momentum
loss via a donor wind of &3×10−13 M yr−1. Depending on the size of
the donor during the evolution, the companion presently probably has a
mass of ∼1−3 Jupiter masses, making it a very low mass white dwarf
as proposed by Bailes et al. Its composition can be either helium or
carbon-oxygen. A helium white dwarf companion makes the long (for
an UCXB) orbital period easier to explain, but the required inclination
makes it a priori less likely than a carbon-oxygen white dwarf.
3.1 INTRODUCTION
Even though the first exoplanets were discovered around a millisecond pulsar, PSR
B1257+12 (Wolszczan & Frail 1992), the discovery of a companion around PSR
J1719–1438 (Bailes et al. 2011, hereafter B11) marked the first time a millisecond
pulsar with a very low mass companion in a short orbit has been found. The orbital
period is 2.177 hr (130.6 min) and the mass function is 7.85× 10−10 M, implying
a minimum companion mass of 1.16× 10−3 M (1.47× 10−3 M) in the case of
a 1.4 M (2 M) neutron star. The system is detached and there is no information
on the chemical composition of the companion. The minimum mean density of the
companion is 23.3 g cm−3 as follows from the relation between the mean density of
the companion Roche lobe and the orbital period.
B11 stated that the high companion density, the orbital period, and the 5.8 ms
spin period of the pulsar are consistent with a history as an ultracompact X-ray binary
(UCXB), which is a binary consisting of a white dwarf (like) donor transferring mass
to a neutron star, forced by angular momentum loss via gravitational wave emission
(Verbunt & van den Heuvel 1995).
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B11 themselves noted the result by Deloye & Bildsten (2003) that an UCXB
reaches an orbital period of ∼90 min after 5−10 Gyr. The discrepancy between 90
min and 130.6 min is very significant, however, because the orbital period increases
slowly at longer orbital periods. Furthermore, B11 did not satisfactorily answer why
the system has become detached. They did suggest a change in the exponent of the
white dwarf mass-radius relation near the present mass (assuming a near edge-on
orbit) as a natural cause of detachment, but such a change merely changes the mass
transfer rate and cannot lead to detachment.
In this chapter, we will investigate two modifications to the UCXB evolution
that could resolve these issues. These are 1) a larger donor radius and 2) additional
angular momentum loss, apart from that driven by gravitational wave radiation. The
actual scenario may be a combination of these. In Sect. 3.2 we explain the problems,
and in Sect. 3.3 we present possible resolutions.
3.2 PROBLEMS WITH THE STANDARD UCXB SCENARIO
Four intrinsic properties of PSR J1719–1438 are known: the orbital period, the maxi-
mum age of the system (the age of the Universe, which we take as 13.75 Gyr, Jarosik
et al. 2011), the approximate primary mass as it is a neutron star, and the radial ve-
locity of the primary. From these, two derived properties follow: the mass function,
which gives an a priori likely companion mass, and the gravitational wave timescale
τGW = −(Jorb/J˙orb)GW with Jorb the orbital angular momentum. The combination
of the values of these parameters is inconsistent with the canonical UCXB scenario
(e.g. Deloye & Bildsten 2003; van Haaften et al. 2012b, Chapter 2) for the following
reasons:
1. Present evolutionary timescale Even without making assumptions about the
companion type, the implied companion mass is inconsistent with an evolution
driven by angular momentum loss via gravitational wave emission, as shown in
Fig. 3.1, where the gravitational wave timescale is a function of the companion
mass Mc and pulsar mass Mp via (Landau & Lifshitz 1975)
τGW =
5
32
c5
G5/3
(Mp+Mc)1/3
MpMc
(
Porb
2pi
)8/3
, (3.1)
where Porb is the orbital period, c the speed of light, G the gravitational con-
stant, and Mc is a function of the binary inclination i given the measured
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mass function (Mc sin i)3/(Mp +Mc)2 and an assumed pulsar mass. For nor-
mal (close to edge-on) inclinations, the gravitational wave timescale exceeds
the age of the Universe by a large factor (∼ 10− 30). The ratio between the
gravitational wave timescale and the age of the Universe needs to be less than
or close to 1, if evolution is driven by gravitational wave emission, but the
corresponding inclinations have a priori probabilities near 0.1%.
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FIGURE 3.1: Timescale for angular momentum loss via gravitational wave emission
as a function of binary inclination for two assumed pulsar masses, for PSR J1719–
1438 with mass function 7.85× 10−10 M. The upper horizontal axis gives the a
priori probability for an inclination lower than indicated on the lower horizontal axis.
2. Orbital period If we hypothesize PSR J1719–1438 to have originated from
an UCXB, we can explore the previous argument in more detail. The orbital
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period of an UCXB increases during its evolution,1 at a rate determined by an-
gular momentum loss via gravitational wave radiation. Figure 3.2 (solid tracks)
shows that an UCXB containing a donor close to zero-temperature radius (i.e.,
the radius of a white dwarf lacking support by thermal pressure) cannot reach
the orbital period of PSR J1719–1438 of 130.6 min within the age of the Uni-
verse. Donors that are heated have a larger radius, which results in a longer
orbital period at a given age. To gain insight in how a larger radius translates
into a longer orbital period, we simply parameterize a bloated donor by mul-
tiplying the radius by a fixed factor for all masses (dashed tracks). A factor 2
is required for a helium white dwarf donor UCXB to reach an orbital period of
130.6 min within the age of the Universe, and an even larger factor of 2.5 for a
carbon-oxygen white dwarf donor.
The onset of mass transfer is expected to have occurred several gigayears after
the Big Bang, so less time is available for the described evolution, aggravating
the problem. Moreover, it is possible that the system became detached long
ago.
3. Detached state Since an UCXB at all times continues to lose angular mo-
mentum via gravitational waves, the donor will keep filling its Roche lobe and
therefore is not expected to become detached. B11 suggested that an UCXB
becomes detached when the mass-radius relation of the donor becomes∼0, but
this is not the case. The behavior of the system does not qualitatively depend
on the value or the sign of the exponent ζd of the mass-radius relation of the
donor Rd ∝ M
ζd
d , as long as ζd is not close to the exponent ζL ≈ −5/3 of the
donor mass-Roche lobe radius relation RL ∝ M
ζL
d . Here Md,Rd and RL are the
donor mass and the donor and Roche-lobe radii, respectively. The increasing
exponent of the mass-radius relation of the donor resulting from its decreasing
mass merely lowers the mass transfer rate (e.g. Eq. (6) in Savonije et al. 1986)2
− M˙d = 2ζd−ζL
Md
τGW
(3.2)
and by itself cannot cause detachment, even if this exponent becomes zero or
positive (which happens at the donor masses corresponding to the maxima of
1The orbital period increases because the exponent ζd of the mass-radius relation of the white dwarf
donor is lower than 1/3, corresponding to a decreasing average donor density. This follows from the
Roche-lobe geometry and Kepler’s third law.
2The simultaneously increasing gravitational wave timescale generally has a much larger impact on
the mass transfer rate.
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FIGURE 3.2: Donor mass versus orbital period for UCXBs. The solid lines represent
a zero-temperature carbon-oxygen (gray) and helium (black) white dwarf donor. The
dashed lines are different from the solid lines only in that they have a twice as large
donor radius at all masses. The circles on top of the solid and dashed lines mark the
age of the system since the onset of mass transfer, the numbers associated with the
circles indicate the ages in yr. Filled (open) symbols indicate an initial accretor mass
of 1.4 M (2 M). The dotted extensions to the lines go beyond the point that a UCXB
with a 1.4 M accretor can reach within the age of the Universe. The vertical solid
line shows the present orbital period of PSR J1719–1438. The overlaying triangles
give the a priori probabilities for the donor mass being higher than indicated, based
on the mass function.
the dashed mass-radius lines in Fig. 3.3). A detached state suggests that the
companion has shrunk by itself on a timescale shorter than the (at this point
very long) evolutionary timescale.
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FIGURE 3.3: Zero-temperature white dwarf mass-radius relations by Eggleton (Rap-
paport et al. 1987) for pure helium, carbon and oxygen compositions (dashed lines),
and the present Roche-lobe radius against mass for the companion of PSR J1719–
1438. Filled circles (neutron star mass of 1.4 M) and open circles (neutron star
mass of 2 M) from low to high companion mass indicate the 1, 0.1 and 0.01 a priori
probabilities for a companion mass higher than indicated.
Figure 3.3, which is similar to the figure in B11, shows the range of allowed
companion radii as function of its mass and composition. The zero-temperature ra-
dius (dashed lines) is the lower limit and the Roche-lobe radius (solid line) the upper
limit. If the system is observed close to edge-on, a helium white dwarf is too large to
fit inside the Roche lobe, while a carbon-oxygen white dwarf does fit in as long as it is
not much larger than the zero-temperature radius. However, if we observe the system
at an inclination of less than 31◦ (41◦) (a priori probability 14% (24%)) in the case
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of a 1.4 M (2 M) neutron star, the companion mass is sufficiently high for even
a zero-temperature helium white dwarf to fit in its Roche lobe. If bloated, a lower
inclination is required. Hydrogen-dominated planets or low-mass brown dwarfs have
a much higher radius (∼0.1 R) and therefore require a very low inclination.
3.3.1 BLOATED DONOR SCENARIO
The relatively long orbital period may have been reached within the age of the Uni-
verse if the donor has been bloated during a significant part of its lifetime. Figure 3.2
shows that the present companion mass in this scenario is at least ∼0.01 M, which
requires that we observe the system at an a priori unlikely inclination of less than
∼6.6◦ (0.7%), assuming a neutron star mass of 1.4 M. Alternatively, the∼0.01 M
donor has subsequently lost a large amount of mass at an almost constant orbital pe-
riod near the present orbital period, arriving at a mass of ∼ 10−3 M. Before this
mass loss event, the gravitational wave timescale would have been much shorter and
consistent with its maximum age (the age of the Universe), see Fig. 3.1.
Investigation of the mass-radius relation by Deloye & Bildsten (2003) showed
that bloated factors of 2 or higher, that would be necessary to explain the current
observed properties of J1719–1438, are unlikely. So the bloated donor scenario can
at most be a partial explanation.
3.3.2 ADDITIONAL ANGULAR MOMENTUM LOSS SCENARIO
If gravitational wave radiation is not the only mechanism for angular momentum
loss, the real evolutionary timescale is shorter, or has been shorter in the past. Em-
pirical evidence from Cataclysmic Variables suggests that the angular momentum
loss in systems below the period gap is higher (by a factor of ∼2.5) than expected
from gravitational wave emission alone (Knigge et al. 2011). Also, SAX J1808.4–
3658, a millisecond pulsar accreting from what is probably a∼0.05 M brown dwarf
companion (Bildsten & Chakrabarty 2001), and therefore rather similar to an UCXB
progenitor of J1719–1438, is losing more angular momentum than expected from
gravitational wave radiation (di Salvo et al. 2008).
If the difference between the exponents of the mass-radius relations of the donor
and its Roche lobe becomes smaller, mass transfer is accelerated. This requires either
less tendency of the Roche lobe to expand upon mass transfer (i.e., a higher (less
negative) value of ζL), or a stronger expansion of the donor (a lower value of ζd).
The latter is less likely to happen since both cold and heated white dwarfs tend to
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either weakly expand or shrink at low mass.3 The former is more likely; a higher
exponent ζL of the donor mass-Roche lobe radius relation can be the result of mass
loss from the system because this mass carries angular momentum, and therefore the
semi-major axis will increase less upon mass transfer.
3.3.2.1 DONOR WIND
Mass lost directly from the donor in a fast wind (the Jeans mode) carries a large
amount of specific angular momentum, because of the high mass ratio. The specific
angular momentum of the donor relative to the orbit is equal to Ma/Md, where Ma
is the accretor mass.4 This wind can be caused by high-energy radiation from the
millisecond pulsar, such as X-rays, gamma-rays from magnetosphere-accretion disk
interaction and, when accretion has stopped, an electron-positron wind (Kluz´niak
et al. 1988; Ruderman et al. 1989a; Shaham 1992). Heating by the pulsar wind has
been observed in the accretion-powered millisecond X-ray pulsars SAX J1808.4–
3658 (Burderi et al. 2009) and IGR J00291+5934 (Jonker et al. 2008) in quiescence.
Similarly, heating of the donor by the hot neutron star has been observed in EXO
0748–676 in quiescence (Bassa et al. 2009). Ratti et al. (2012) found evidence for a
wind driven off the donor in this system.
Figure 3.4 shows the effect the wind has on accelerating the evolution. When the
wind mass loss rate is very low, reaching the orbital period of PSR J1719–1438 takes
(much) longer than the age of the Universe, as shown in Sect. 3.2. For a donor wind
of ∼3×10−13 M yr−1, however, evolution proceeds sufficiently fast to explain the
observed orbital period. If the wind is assumed to commence later, e.g. below a
threshold donor mass of 0.01 M, the required time increases by only ∼10−20%.
3.3.3 DETACHMENT AT VERY LOW DONOR MASS
At the present mass of & 10−3 M, the donor must have shrunk relatively rapidly
to explain why it has become detached. The cause could be a change in radius not
driven by mass loss, either due to steadily decreasing heating by the pulsar, which is
expected given the declining accretion rate, pulsar spin period (at low donor mass,
3If the white dwarf core temperature remains constant due to tidal heating, the exponent of the mass-
radius relation may diverge, leading to a dynamical instability that disrupts the companion (Bildsten
2002).
4At very high mass ratio the donor even absolutely carries almost all of the orbital angular momen-
tum of the system in its orbit around the center of mass. Interestingly, in J1719–1438 the spin angular
momentum of the pulsar is significant at ∼1/6 of the orbital angular momentum.
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FIGURE 3.4: Age of an UCXB with an initially 1.4 M accretor when its orbital pe-
riod equals the orbital period of PSR J1719–1438 (130.6 min) versus donor mass loss
rate, which is assumed to be fast and isotropic, and constant. The donor composition
is indicated. The horizontal gray line gives the maximum age of PSR J1719–1438.
van Haaften et al. 2012b, Chapter 2) and magnetic field strength, or due to changing
thermal properties of the companion which could allow for more efficient cooling.
If the donor has non-degenerate outer layers due to heating from the pulsar, mass
loss would actually shrink the donor, and if this happens rapidly, the remnant may
become detached. This implies that the remnant must be quite close to the zero-
temperature radius, and certainly much less bloated than the ∼0.01 M object.
3.3.4 DETACHMENT DUE TO THERMAL-VISCOUS DISK INSTABILITY
In particular in binaries with a low mass transfer rate, the accretion disk is subject to a
thermal-viscous instability (Osaki 1974; Lasota 2001) and periodically collapses. For
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a fast, isotropic wind from either accretor or donor, a(Ma +Mdisk +Md) = constant,
where a is the semi-major axis and Mdisk the disk mass, which is included because
from an orbital dynamics perspective, the disk can be treated as belonging to the
accretor. If we assume that during an outburst the entire disk is emptied, where
almost all of the disk mass escapes the system, the orbit will expand by ∆a/a =
Mdisk/(Ma+Md) (at very low donor mass, ∆a∼1 cm which means the donor does not
actually detach but rather insufficiently overfills its Roche lobe to be able to prevent
the orbit from shrinking). We use the disk description by Dunkel et al. (2006) for
helium and carbon-oxygen composition to estimate the disk mass. At high mass
ratio, the inner disk radius is taken equal to the speed-of-light cylinder radius, as
described in van Haaften et al. (2012b, Chapter 2).
During the outburst, the donor detaches because its Roche lobe expands along
with the orbit. The time it takes for the donor to re-attach follows from the or-
bital decay rate due to angular momentum loss (via gravitational wave radiation)
a˙ = 2a(J˙/J)orb. The re-attachment time is at most ∼1 yr, even for low viscosity (pa-
rameterized by α = 0.02), low donor mass (10−3 M) and the loss of (almost) the
entire disk mass from the system. The time it takes to rebuild the disk is of the order
of 100 yr (van Haaften et al. 2012b, Chapter 2).
The hypothesis that PSR J1719–1438 is a system that at the present is only tem-
porarily detached as part of a disk instability cycle would imply that less than a year
before its discovery this system had a large outburst that caused the detached state,
which would have made the system appear as a transient X-ray source. Also, the
neutron star would still be very hot, and therefore bright in X-rays, as its cooling
timescale is of the order of 104 yr.
3.4 DISCUSSION AND CONCLUSIONS
In the a priori unlikely case the we observe the millisecond pulsar J1719–1438 nearly
face-on, the companion could be a brown dwarf of ∼10− 40 Jupiter masses that is
being evaporated and therefore has become detached from its Roche lobe. However,
an optical non-detection of the system makes the presence of a relatively massive
companion less likely (B11).
PSR J1719–1438 is more plausibly explained by having an ultracompact X-ray
binary progenitor. The system could have started as a regular UCXB of either helium
or carbon-oxygen composition. Cooling due to heat emission and expansion may
have caused the donor radius to eventually approach the zero-temperature radius,
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however, radiation from the pulsar can heat the outer layers of the donor. In particular
at low density this effect can be significant. This heating can lead to a fast stellar wind
from the donor which removes angular momentum from the system and accelerates
the system’s evolution, allowing longer orbital periods and lower companion masses
than would be possible without such a wind. Moreover, the larger size of the donor
also leads to a longer orbital period at a given age.
A combination of bloated donor, donor wind and low inclination can explain
the properties of the system (the relatively long orbital period, why the present-day
gravitational wave timescale most likely is much longer than the age of the Universe,
and why the system is detached) without requiring an improbable contribution of
either of these.
No excess dispersive delays have been found in the radio light curve (B11), so
there is no observational evidence for ablation of the companion. But the required
wind mass loss rate we find is much lower than a donor-evaporating black widow
mass loss rate (∼ 10−10 M yr−1, Burderi et al. 2009) and therefore may not be
observable.
Neither helium nor carbon-oxygen can be ruled out as the composition of the
companion. A helium composition is a priori less likely since it requires a relatively
special system inclination (the associated probability is less than 14% in the case of a
1.4 M neutron star) especially if it is bloated. However, since UCXBs with helium
white dwarf donors have a longer orbital period than systems with carbon-oxygen
white dwarfs, it takes less heating and angular momentum loss via a donor wind to
explain the long (for UCXB standards) orbital period.
Limited feedback of angular momentum from the accretion disk to the orbit can
in principle cause accelerated mass transfer over a prolonged period of time, but the
occurrence of this process is unlikely (Priedhorsky & Verbunt 1988; van Haaften et al.
2012b, Chapter 2).
The distance to PSR J1719–1438, ∼ 1.2 kpc (B11), points to a Galactic Plane
environment, so a formation involving dynamical interaction is not likely.
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CHAPTER 4
LONG-TERM LUMINOSITY
BEHAVIOR OF 14 ULTRACOMPACT
X-RAY BINARIES
L. M. van Haaften, R. Voss, & G. Nelemans
Astronomy & Astrophysics 2012, 543, A121
ABSTRACT
Context. X-ray binaries are usually divided in persistent and transient
sources. For ultracompact X-ray binaries (UCXBs), the mass transfer
rate is expected to be a strong function of orbital period, predicting per-
sistent sources at short periods and transients at long periods.
Aims. For 14 UCXBs including two candidates, we investigate the
long-term variability and average bolometric luminosity with the pur-
pose of learning how often a source can be expected to be visible above
a given luminosity, and we compare the derived luminosities with the
theoretical predictions.
Methods. We use data from the RXTE All-Sky Monitor because of its
long-term, unbiased observations. Many UCXBs are faint, i.e., they have
a count rate at the noise level for most of the time. Still, information can
be extracted from the data, either by using only reliable data points or
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by combining the bright-end variability behavior with the time-averaged
luminosity.
Results. Luminosity probability distributions show the fraction of time
that a source emits above a given luminosity. All UCXBs show signifi-
cant variability and relatively similar behavior, though the time-averaged
luminosity implies higher variability in systems with an orbital period
longer than 40 min.
Conclusions. There is no large difference in the statistical luminos-
ity behavior of what we usually call persistent and transient sources.
UCXBs with an orbital period below ∼ 30 min have a time-averaged
bolometric luminosity that is in reasonable agreement with estimates
based on the theoretical mass transfer rate. Around 40 min the lower
bound on the time-averaged luminosity is similar to the luminosity based
on the theoretical mass transfer rate, suggesting these sources are indeed
faint when not detected. Above 50 min some systems are much brighter
than the theoretical mass transfer rate predicts, unless these systems have
helium burning donors or lose additional angular momentum.
4.1 INTRODUCTION
Ultracompact X-ray binaries (UCXBs) are low-mass X-ray binaries characterized by
an orbital period of less than one hour. Given that the donor stars in these binary
systems fill their Roche lobe, they must be white dwarfs or helium burning stars,
since only these types of stars have an average density that corresponds to such a short
orbital period (Paczyn´ski & Sienkiewicz 1981; Nelson et al. 1986). The accretors can
be neutron stars or black holes, though the latter have not been identified yet.
Historically, X-ray sources including UCXBs have been categorized as persistent
or transient, based on whether a source was permanently visible by a given instrument
or only occasionally. However, such a subdivision is an oversimplification, as sources
have been found to vary over large ranges of timescales and amplitudes (Levine
et al. 2011). One type of variability, first observed in dwarf novae, is attributed to
a thermal-viscous instability in the accretion disk (Osaki 1974; Smak 1984; Lasota
2001). As the disk grows in mass and heats up to close to the ionization temperature
of the dominant element, the opacity strongly increases and radiation is trapped, and
the disk’s surface density approaches a threshold value. The temperature continues
to rise more rapidly and the disk enters the hot state. The resulting high viscosity
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enhances the outward angular momentum transport in the disk, allowing for a higher
accretion rate. This can be observed as an outburst, after which the cycle repeats. For
UCXBs the mass transfer rate (and thus the disk temperature) is expected to decrease
as a function of orbital period, suggesting that systems with orbital periods above
∼30 min should undergo this instability in their outer disks (see Deloye & Bildsten
2003).
4.1.1 PRESENT RESEARCH
We investigate the bolometric luminosity distributions of the known UCXB popu-
lation including candidates with tentative orbital periods, which show the fraction
of time a source spends at a given luminosity. The relation between the luminos-
ity distribution and the average luminosity may give insight in the way transient and
persistent behavior should be interpreted.
We do not investigate periodicities in the light curves since this has been done al-
ready (Levine et al. 2011), and periodicities are not relevant for the present purposes.
4.2 METHOD
Here we describe the known UCXB population and their observational records, and
how we use these data.
4.2.1 KNOWN UCXB POPULATION
UCXBs are very rare objects. Presently 13 have been identified with high confidence
(by finding the orbital period), all Galactic. These are located in globular clusters,
the Galactic Bulge and the Galactic Plane. Table 4.1 presents an updated version of
the UCXB and UCXB candidate overviews in in’t Zand et al. (2007), Lasota et al.
(2008) and Nelemans & Jonker (2010).
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4.2.2 OBSERVATIONS
We use observations by the Rossi X-ray Timing Explorer All-Sky Monitor (RXTE
ASM) (Bradt et al. 1993; Levine et al. 1996). The ASM has collected 16 yr X-ray
light curves and therefore gives insight in the source behavior over a large range
of timescales. By its very nature of being an all-sky monitor, the ASM is an unbi-
ased sampler of light curves, i.e., its observations are not driven by source behavior.
Pointed observations by e.g. Chandra or RXTE PCA have a higher sensitivity than
the ASM, but are available far less regularly and often during atypical source behav-
ior. Hence, these observations cannot be used to gain insight in the ‘normal’ behavior
over timescales of years.
4.2.2.1 RXTE ALL-SKY MONITOR
The RXTE ASM has monitored the sky in the 2− 10 keV energy range from Jan-
uary 5, 1996 to January 3, 2012 (MJD 50087−55929). Individual exposures, called
dwells, have an integration time of typically 90 s. The intervals between dwells
are irregular and on average ∼ 2 hr. Light curves have been published in the ASM
Products Database1 for many resolved X-ray sources, including 12 of the 13 con-
firmed UCXBs. X-ray photon count rates in the ASM energy range have been
converted to bolometric flux using the conversion of 1 ASM counts s−1 = 7.7×
10−10 erg cm−2 s−1 by in’t Zand et al. (2007) (with an error of a factor of ∼ 2)
and to bolometric luminosities using the distance estimates in Table 4.1. The ASM
does not provide a light curve for NGC 6440 X-2 (Heinke et al. 2010) and UCXB
candidate NGC 6652 B. Both share their host globular cluster with a brighter X-ray
source. The latter, NGC 6652 B, is too close to XB 1832–330 to be resolved by the
ASM (Heinke et al. 2001). Furthermore, M 15 X-2 is close to another source, AC
211, in the globular cluster M 15. The ASM does not resolve these two sources, but
because AC 211 is 2.5 times fainter than M 15 X-2 (Dieball et al. 2005) we still use
the combined X-ray data (known as 4U 2127+119) in this chapter.
4.2.3 DATA ANALYSIS
In order to calculate the luminosity distribution of a source, we use two methods,
each based on individual dwells. The first method selects only those dwells that have
a signal-to-noise ratio (S/N) above a fixed threshold, while the second method uses
time-averaged luminosity to estimate the faint-end variability.
1http://heasarc.gsfc.nasa.gov/docs/xte/asm_products.html
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A commonly used technique is grouping dwells into time bins of a fixed duration
to statistically improve the S/N, thereby revealing fainter behavior. We do not apply
this because in order to benefit from this, the bin duration should be on the order of
days, and variability on shorter timescales will be lost. In particular the bright-end
behavior will be affected as high count rate dwells are combined with faint or noisy
dwells.
4.2.3.1 SIGNAL-TO-NOISE THRESHOLD
The bright-end part of the luminosity distribution is best revealed by using the short-
est available observations for maximum sensitivity, i.e., individual dwells. The down-
side of this is that many individual dwells have a count rate near the noise level.
We use a strict criterion to select statistically significant dwells. For a given
source, only dwells with S/N > σ are selected, where σ is found by assuming that a
fraction 1/n of the n dwells lies outside σ times the standard deviation of a Gaussian
probability distribution (Forbes et al. 2010), i.e.,
1− erf
(
σ√
2
)
=
2
n
. (4.1)
The factor 2 on the right-hand side appears due to asymmetry; only positive rates are
considered. Dwells failing this criterion are discarded. The critical S/N ≈ 4.2 for
n = 7×104, a typical ASM value. The remaining sample is statistically expected to
contain one data point that is not ‘real’ (in the sense that a distribution fully dominated
by noise would be expected to have one outlier in its bright-end tail sufficiently far
from the mean). This is the advantage of our method; the selected dataset consists of
(almost) exclusively ‘real’ detections and therefore it can be used to find a lower limit
of the system’s average bolometric luminosity. However, this dataset is not complete;
at the times when the detection has an insufficient S/N to pass the criterion, the actual
luminosity of the source is unlikely to be zero. This luminosity can be estimated by
an extrapolation of the known part of the distribution (Press et al. 1992, chap. 3).
We adopt the simple approach of extrapolating the bright-end part towards lower
luminosities by a power-law function, as suggested by the relatively straight curves
of the luminosity distribution when plotted as a log-log graph (see also Sect. 4.3.1.1).
The interval over which we calculate the slope ranges from a fraction that is a factor
100.2 below the fraction of time during which the source is detected significantly, to
a fraction of 10−4.5. The faint-end and bright-end parts are excluded for practical
reasons that will be explained in Sect. 4.3.1. From the extrapolation, we can integrate
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the (long-term) average luminosity. The validity of this extrapolation can be verified
by comparing the resulting time-averaged luminosity with the time-averaged ASM
luminosity and theoretical models.
If the logarithmic slope of a cumulative luminosity distribution (i.e., a time-
above-luminosity against luminosity curve)2 is β , then the luminosity distribution
(i.e., time-at-luminosity against luminosity curve) function slope is β −1. Combined
with the minimum luminosity L0, which is the luminosity L where the cumulative
distribution has a fraction 1, and the Eddington luminosity LEdd (see Fig. 4.1), this
yields the time-averaged bolometric luminosity (β <−1) (Brémaud 1997, chap. 3)
L¯β =
∫ LEdd
L0 L×Lβ−1dL∫ LEdd
L0 L
β−1dL
=
β
β +1
(
Lβ+1Edd −Lβ+10
LβEdd−Lβ0
)
≈ β
β +1
L0. (4.2)
The approximation holds if (LEdd/L0)β+1  1 (which is the case for all known
UCXBs except 2S 0918–549).
4.2.3.2 FAINT-END POWER-LAW FUNCTION
Instead of assuming that the source luminosity behavior can be described by a single
power-law function as we did in Sect. 4.2.3.1, here we assume that the source behav-
ior at the times that the source is fainter than Lsig (defined as the faint-end boundary
of the range over which β is calculated) can be described by a second power-law
function, with slope γ ≤ 0, which in general is different from the power-law slope β
between Lsig and LEdd (see Fig. 4.1). The two power-law functions meet in Lsig. We
solve for γ and the corresponding value of L?0 (the luminosity where the cumulative
distribution based on both slopes β and γ has a fraction 1) by assuming that the in-
tegrated luminosity between L?0 and LEdd equals the time-averaged ASM bolometric
luminosity L¯ASM (using all dwells),∫ LEdd
L?0
L× f (L)dL∫ LEdd
L?0
f (L)dL
= L¯ASM, (4.3)
where the luminosity distribution function
f (L) =
{
Lγ−1 if L?0 ≤ L≤ Lsig,
Lγ−βsig L
β−1 if Lsig ≤ L≤ LEdd. (4.4)
2Not to be confused with the X-ray luminosity function of a population of X-ray binaries.
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FIGURE 4.1: Sketch of a cumulative luminosity distribution. The highly significant
bright-end distribution (solid line) and its linear extrapolation (dash-dotted line) have
slope β and are discussed in Sect. 4.2.3.1. The extension of the bright-end distribution
with slope γ (dashed line) is discussed in Sect. 4.2.3.2. The variables on the axes are
defined in these two sections. In general the γ-slope can be either flatter than (shown),
equal to, or steeper than the β -slope.
We used the continuity of f in Lsig to find the factor L
γ−β
sig in front of L
β−1.3
A steep γ-slope (very negative γ) means that the source has a relatively constant
luminosity when it is fainter than Lsig, and spends much time at luminosities not far
below Lsig. A flat γ-slope on the other hand points to a generally faint source that
spends a considerable amount of time far below Lsig, and is highly variable.
3It follows that also the cumulative luminosity distribution is continuous in Lsig.
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This method does not work for two sources, XTE J1807–294 and XTE J0929–
314, because L¯ASM < 0 for those.4 Hence, the contribution to L¯ASM from luminosities
below Lsig would have to be negative. In reality this suggests that these sources must
be very faint or off when not detected significantly, but more precise conclusions are
not possible.
4.2.4 THEORETICAL EVOLUTION
Mass transfer in UCXBs is driven by angular momentum loss via gravitational wave
radiation, since angular momentum loss via magnetic braking is much weaker at such
a short orbital period (Landau & Lifshitz 1975; Rappaport et al. 1983). Therefore the
mass transfer rate strongly depends on the donor mass and orbital separation. During
most of the evolution, the donor is degenerate and expands with mass loss. Since
the donor keeps filling its Roche lobe and the ratio between donor and accretor mass
decreases, the orbital separation expands with time. The decreasing donor mass and
increasing orbital separation cause the gravitational wave emission and the corre-
sponding mass transfer rate to decrease with time.
A fit of the mass transfer rate M˙ (defined≥ 0) in an UCXB with a zero-temperature
helium white dwarf donor and an 1.4 M neutron star accretor based on theoretical
evolutionary tracks (van Haaften et al. 2012b, Chapter 2) and optimized for an orbital
period Porb ≤ 1 hr is
M˙ = 1.2×10−12
(
Porb
hr
)−5.2
M yr−1. (4.5)
A simple estimate of the time-averaged bolometric luminosity L¯ is
L¯ =
GMaM˙
2Ra
(4.6)
where G is the gravitational constant and Ma and Ra the accretor mass and radius,
respectively. For Ma = 1.4 M and Ra = 12 km, Eqs. (4.5) and (4.6) combine to
L¯ = 6×1033
(
Porb
hr
)−5.2
erg s−1, (4.7)
4This is due to a systematic error. Faint sources, or sources far outside the center of the field of view,
have an increased probability to suffer from an imperfect solution for the brightness and position of the
sources in the ASM field of view, and can end up with a consistently negative count rate, resulting in a
negative average count rate over all dwells (Levine et al. 1996).
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which is shown in Sect. 4.3.2.
Young UCXBs can contain a helium burning donor (Savonije et al. 1986), in
which case the mass transfer rate at a given orbital period is much higher than in the
case of a white dwarf donor, due to the higher donor mass. During this evolutionary
stage the orbit shrinks because the donor shrinks sufficiently rapidly as it loses mass.
Once the donor has lost enough mass, core fusion is extinguished and a hot white
dwarf donor remains. The system goes through a period minimum. Further mass
loss and cooling cause the evolution to approach the zero-temperature white dwarf
donor evolution.
UCXBs may also form via an evolved main sequence donor scenario (Podsiad-
lowski et al. 2002), but only for highly fine-tuned initial conditions (van der Sluys
et al. 2005a), therefore we do not consider this scenario.
4.3 RESULTS
4.3.1 SIGNAL-TO-NOISE THRESHOLD
By selecting only dwells that contain a highly significant source detection as de-
scribed in Sect. 4.2.3.1, a sensitive bright-end cumulative luminosity distribution can
be constructed, as shown in Fig. 4.2. This figure shows how often a source emits
above a given luminosity. Strictly speaking it shows the fraction of dwells, but this
is similar to the fraction of time because of their unbiased timing. Here, the total
number of dwells includes those that were discarded.
From the vertical locations of the faint-end points of the curves it can be seen that
typically only∼0.1−1% of the dwells pass the high-threshold criterion, emphasizing
the fact that only the brightest phases of a source can be studied using this method.
The short orbital period systems are generally visible more often than the long (in the
context of ultracompact binaries) orbital period systems, as expected from theory. 4U
1820–30 (orbital period 11.4 min) is the only source that is clearly observed nearly
all the time (at 88% of the time). Most UCXBs are strongly variable, in the sense
that curves are far from vertical. The most extreme case is 2S 0918–549 (17.4 min),
which has a very flat logarithmic slope of β ≈−1 in Fig. 4.2. Most slopes, however,
are steeper with β .−2 (see Table 4.2).
Since luminosity is used on the horizontal axis rather than flux or count rate, and
given that the faintest data points of the cumulative distributions have a roughly sim-
ilar count rate (determined by the instrument’s detection limit), the source distance
determines at which luminosity the faint end of each curve is located. The UCXB
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FIGURE 4.2: Cumulative probability distribution of UCXB bolometric luminosity
based on ASM data (fraction of time that a source emits above a given luminosity)
for 14 UCXBs including two candidates with a tentative orbital period. Only count
rates that are almost certainly real (their significant detection is almost certainly not
the result of noise) have been used (Sects. 4.2.3.1 and 4.3.1). The labels indicate the
orbital period in min of the corresponding systems. Different line styles are used only
to distinguish different systems.
candidate 4U 0614+091 is by far the nearest system at an estimated distance of 3.2
kpc (Kuulkers et al. 2010), therefore this source can be observed down to a lower
intrinsic luminosity than the more distant sources.
An artifact of the technique used in Fig. 4.2 can be seen at the faint ends of several
curves, where at low luminosities the slope flattens towards a fraction of time usually
much lower than 1. This behavior most likely does not have a physical origin and
happens because at these faint luminosities, by chance a small number of data points
will have an unusually low error and therefore pass the threshold, while the vast
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majority of data points with approximately the same count rate fails the threshold.
This extends the curves further to low luminosities almost horizontally. This effect is
more pronounced for sources that have more significant data points (corresponding
to a fraction of time & 10−3), as those have a higher probability to have outliers
(detections with an unusually low error).
Even though the observation schedule of the ASM is predetermined, irregular
observation intervals may introduce an extra bias when an above- or below-average
observation frequency coincides with a period of abnormal source behavior. Since
Fig. 4.2 uses individual dwells regardless of their timing, the shape and position of
these distributions could potentially be different from their shape and position in the
case of using bins of fixed duration. This effect appears to be weak since there is
almost no correlation between interval duration and count rate. At a fraction below∼
10−4 the slopes of the curves become less reliable due to the low number of dwells the
curves are based on, in particular there is the possibility of atypical interval lengths
surrounding the highest count rates. Even in the case of regular sampling there would
be some bias at the highest count rates, because even then small number statistics
allow a source to behave differently during observations compared to in between
observations.
Although some luminosities in Fig. 4.2 appear to go above the Eddington limit for
a neutron star, we note that given the uncertainties in both the distance and the ASM
count to flux conversion, these luminosities are consistent with being sub-Eddington
within errors.
4.3.1.1 FAINT-END BEHAVIOR
The nearly constant slopes over a large part of the curves in Fig. 4.2 (excluding the
faint-end flattened part and the statistically uncertain bright-end part of these curves
for the reasons discussed in Sect. 4.3.1) suggest the possibility that this behavior
may continue into the faint-end phases of the sources that have not been detected
reliably. By extrapolating the middle parts of these curves with a power law, the time-
averaged luminosity can be expressed in essentially only the slope and the minimum
luminosity, unless the slope is close to β =−1 (Sect. 4.2.3.1). In Sect. 4.3.2 the result
will be compared with the time-averaged luminosity and with theory.
4.3.2 AVERAGE LUMINOSITY
The variability behavior of the UCXBs presented in Sect. 4.3.1 can be summarized
and compared by using the time-averaged luminosity. Figure 4.3 shows several bolo-
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metric luminosity estimates for the known UCXBs. The average luminosity over all
dwells (circles) can be seen as the best estimate of these three taking all uncertainties
into account, unless, of course, when the average count rate is negative. In general,
the luminosity estimates based on power-law extrapolation (Sect. 4.3.1.1) and the
time-averaged value over all dwells are of the same order of magnitude.
Figure 4.3 also compares the average-luminosity estimates with theoretical UCXB
tracks, with both a zero-temperature white dwarf donor and a helium burning donor.
The helium burning donor system has typical initial conditions among the ranges
simulated by Yungelson (2008).
The average luminosity of the short-period UCXBs (below∼30 min) agrees well
with the theoretical model based on the mass transfer rate (Of these, M 15 X-2 is
contaminated by a fainter source, see Sect. 4.2.2.1). Based on the ASM data, there
is no reason to suspect variability on timescales longer than 16 yr in these sources.
The extrapolated power-law estimate closely matches both the average luminosity
and the theoretical prediction. 4U 1820–30 (11.4 min) is the only source with a very
well-determined average luminosity, which fits well with the representative helium
burning donor track. As this source may have a negative period derivative (Tan et al.
1991), it could correspond to the upper branch of a helium donor track, but this is
uncertain. 2S 0918–549 (17.4 min), which has the flattest slope in Fig. 4.2, has a
correspondingly low luminosity estimate based on the extrapolated power law, much
lower than even the zero-temperature white dwarf donor model. This means that
either the source has gone through an unusually faint period of time the last 16 years,
or the extrapolation underestimates its faint-end luminosity.
The vertical dotted line in Fig. 4.3 represents the critical orbital period for thermal-
viscous disk instability, in the case of a Dunkel et al. (2006) helium accretion disk and
a zero-temperature white dwarf donor. It lies in a large apparent period gap ranging
from 23 to 40 min.
Above this gap, the four UCXBs with orbital periods between 40 and 45 min have
lower bounds (triangles) close to the zero-temperature donor track. This is consistent
with them being (very) faint when not detected, i.e., transient, as is expected for
systems with these orbital periods. The power-law extrapolations (stars), which give
a much higher luminosity estimate, would not apply then.
However, the three UCXBs, including one candidate, with an orbital period longer
than ∼50 min all have a lower bound on their luminosity that exceeds both the zero-
temperature white dwarf track and the (extrapolated) degenerate part of the helium
donor track. Different initial conditions can result in a slightly higher helium donor
track (Yungelson 2008) so some of these systems can still be consistent with having
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a (partially) degenerate donor. One source, 4U 0614+091, cannot be explained by
having a semi-degenerate donor as its lower bound stands out above the degenerate
track too much. 4U 0614+091 has an uncertain orbital period, but if this period is
correct then this suggests the system has a helium burning donor. Another possibility
is that this source was exceptionally bright during the past 16 yr, and that its average
luminosity over a longer time is lower. Similarly, the time-averaged ASM luminosi-
ties of all three UCXBs with an orbital period above∼50 min, as well as that of XTE
J1751–305 at 42 min indicate that these systems are much brighter than predicted
by the theory for UCXBs with a degenerate donor, but still fainter than expected for
UCXBs with a helium burning donor. In several cases the time-averaged luminosity
is nearly equal to the power-law extrapolation estimate, similar to the short-period
systems. It is unlikely that all three known systems with orbital period & 50 min
are in a bright state by chance. An explanation could be that the theory described in
Sect. 4.2.4 underestimates the time-averaged mass transfer rate of long-period sys-
tems. Alternatively, UCXBs at long periods may be variable on a timescale much
longer than 16 yr, so that during the ASM observations some systems were much
brighter and many others (much) fainter than the average luminosity. Such a selec-
tion effect would lead us to observe only the atypically bright systems.
4.3.3 FAINT-END POWER-LAW FUNCTION
If the extrapolated power-law method L¯β (Sect. 4.2.3.1, stars in Fig. 4.3) underesti-
mates the time-averaged luminosity L¯ASM5 (circles in Fig. 4.3), then the slope of the
cumulative luminosity distribution is expected to steepen below Lsig, i.e., γ < β . This
means that the source is brighter and more constant at low luminosities (fainter than
the significant detections) than suggested by extrapolating the behavior during the
bright phases. Conversely, if the extrapolated power-law method overestimates the
time-averaged luminosity then γ > β and the slope flattens below Lsig. In this case the
source is more variable when faint than when bright. Table 4.2 shows the values of β
for the known UCXBs as well as γ for the sources with a sufficiently high (in practice,
positive) time-averaged luminosity. Steepening of the faint-end power-law slope hap-
pens for all short-period sources (below ∼30 min) except 4U 1820–30 at 11.4 min.
The latter may be caused by the fact that this source is detected significantly a very
high fraction (88%) of the time. On the other hand, almost all long-period sources
5The time-averaged luminosity is calculated based on the average count rate over all individual
dwells (regardless of their timing), which is a good approximation given the unbiased timing and large
datasets.
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(above ∼30 min) behave the opposite way, with a flattened faint-end slope. The one
certain exception is SWIFT J1756.9–2508 at 54.7 min, while 4U 0614+091 would
be a second exception if its orbital period would be confirmed.
TABLE 4.2: Power-law slopes β and γ describing the cumulative luminosity distri-
bution (see Sects. 4.2.3.1 and 4.2.3.2) for the known UCXB population based on the
RXTE ASM data. The two systems below the line are UCXB candidates, with an
uncertain orbital period. If no γ-value is given, the source is too faint on average for
this method to work.
Name Porb (min) β γ
4U 1820–30 11.42 −7.4 −3.7
4U 0513–40 17 −2.0 −2.3
2S 0918–549 17.4 −1.03 −2.5
4U 1543–624 18.2 −3.8 −4.3
4U 1850–087 20.6 −1.9 −2.1
M 15 X-2 22.58 −1.6 −3.0
XTE J1807–294 40.07 −2.4 N/A
4U 1626–67 41.4 −3.0 −2.5
XTE J1751–305 42.42 −2.5 −0.55
XTE J0929–314 43.58 −2.8 N/A
4U 1916–05 49.48 −2.8 −2.5
SWIFT J1756.9–2508 54.70 −1.3 −1.7
4U 1728–34 10.77? −6.3 −0.66
4U 0614+091 51.3? −3.2 −4.1
4.4 IMPLICATIONS FOR POPULATION STUDIES
The results concerning the luminosity behavior presented in Sect. 4.3 can be used
in modeling a population of UCXBs. Based on its evolutionary state, a modeled
UCXB can be associated with a real UCXB, and its luminosity and variability can
be estimated empirically by drawing from the observational luminosity distribution,
without need to understand the theory behind the variability. This method rests on the
assumption that the available observational record is typical for such systems, which
may not be the case for the long-period UCXBs observed by the ASM, as shown in
Fig. 4.3 and noted in Sect. 4.3.2.
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Since many UCXBs are only visible a fraction of the time above a given lumi-
nosity as shown by Fig. 4.2, at any given time we will only see a fraction of the
UCXB population, using an instrument with a given sensitivity. If the instrument
is the RXTE ASM itself, only a small fraction of the population can be seen at any
given time. For a more sensitive instrument, the shape of the luminosity distribution
determines the characteristics of the visible population. A flat slope at the faint end of
the cumulative luminosity distribution implies a large, faint population, while a steep
faint end implies a small, relatively bright population. Theoretical models relatively
accurately predict the integrated amount of energy that is emitted by a particular pop-
ulation (based on time-averaged mass transfer rate and gravitational energy release),
but are less accurate when it concerns the variability of sources, which relates mainly
to complex accretion disk behavior.
4.5 DISCUSSION AND CONCLUSIONS
We have investigated the long-term X-ray light curves collected by the RXTE ASM
for 14 ultracompact X-ray binaries including two candidates.
All UCXBs have a significantly varying flux during their brightest phases (above
1037 erg s−1) as shown by the relatively flat slopes in Fig. 4.2. By comparing their (in-
tegrated) time-averaged bolometric luminosities with theoretical estimates (Fig. 4.3),
we conclude that for short-period systems (systems with an orbital period below
∼ 30 min) these flat slopes probably continue at more typical luminosities (below
1037 erg s−1), since these relatively flat cumulative luminosity distributions are needed
to match the observed and theoretical average luminosities. Longer-period systems
must have a much flatter slope than short-period systems at luminosities below 1037
erg s−1 in order to match the theoretical models, in other words, they are more vari-
able when faint relative to short-period systems. This follows from the steep decrease
in theoretical luminosity with increasing orbital period. In general, all sources prob-
ably vary strongly at all luminosities. This confirms that long-term observations are
indeed needed in order to compare a source’s luminosity to a theoretical model of the
mass transfer rate.
Considering the time-averaged ASM luminosity over all dwells, for the long-
period systems a single power law yields an average luminosity that is too high.
Instead, the slope must become flatter at lower luminosities, as already suggested by
the theoretical model. The short-period systems on the other hand require a steeper
low-luminosity slope.
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Furthermore, several long-period systems have an average luminosity that is much
higher than predicted by theory in the case of degenerate donors. A possible (partial)
explanation is that the low-mass donors in these UCXBs are being heated and evap-
orated by irradiation from the millisecond pulsar they are orbiting. The angular mo-
mentum loss from the system resulting from a stellar wind from the donor enhances
the mass transfer and hence increases the luminosity, as has been demonstrated in
explaining the millisecond pulsar binary system PSR J1719–1438 (van Haaften et al.
2012a, Chapter 3). A larger donor radius in itself also leads to a higher mass transfer
rate.
There is no clear distinction between transient and persistent behavior in the sense
that the estimated average luminosities are similar for sources over a significant range
in orbital periods, which is partially a result of the similar bright-end slopes in the
cumulative luminosity distributions. However, the trend that long-period systems
typically have a flatter slope when they are faint compared to when they are bright
can be seen as transient behavior. The variability of short-period UCXBs is more
consistent with a single power-law cumulative luminosity distribution that holds up
to a fraction of time of 1, which can be understood as ‘persistent’ behavior.
Some UCXBs seem too bright to have a degenerate donor. Especially for the
long-period systems, orbital period derivatives would be very useful to decide whether
the donor is helium burning or degenerate. This knowledge in turn would limit the
range of theoretically predicted time-averaged luminosities, and thus constrain the
faint-end luminosity distribution.
The orbital period of 4U 0614+091 may be much shorter than the∼50 min that is
suggested by several observations (see Table 4.1). Both the high lower bound on the
luminosity compared to the degenerate-donor model for long orbital period UCXBs,
and the apparent steepening of the slope of the cumulative luminosity distribution at
low luminosities, resemble the behavior of short-period systems. At least the latter
argument is not conclusive, given that SWIFT J1756.9–2508 combines a 54.7 min
orbital period with a steepening slope at low luminosities.
Even though the RXTE ASM observations are the longest available, there may
very well be variability on timescales (much) longer than 16 yr, which could imply
that the data for some of these systems available today are atypical. This could affect
the average luminosity as derived by each of the methods, including the lower bounds.
As for the long-period UCXBs, apart from being consistently brighter than theoreti-
cal estimates for systems with degenerate donors, variability on very long timescales
(hundreds or thousands of years) would ensure that during any 16 yr period, a small
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part of the population is exceptionally bright. This could be the population we ob-
serve.
The Monitor of All-sky X-ray Image Gas Slit Camera (MAXI GSC) has a higher
stated sensitivity (Matsuoka et al. 2009) than the ASM over a shorter period of time
of 2.5 yr. Because of the much longer observation baseline, we decided to use only
the ASM data. We compared the MAXI data with the ASM data and found that
the MAXI sensitivity is better than the ASM data for seven UCXBs with known (or
tentative) orbital period, similar for two, worse for another two and unavailable for
four UCXBs. Overall the difference was not large enough to outweigh the shorter
observation baseline.
We will use the luminosity distributions found in this chapter in a forthcoming
study of the UCXB population in the Galactic Bulge (Chapter 5), to estimate the
X-ray luminosities of systems predicted by a population model. In the context of
predicting the observable population of UCXBs, the Galactic Bulge Survey (Jonker
et al. 2011) may constrain the number of faint sources, which also gives information
on the luminosity distribution.
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FIGURE 4.3: UCXB time-averaged bolometric luminosity against orbital period. The
solid line represents the modeled evolution of an UCXB with a zero-temperature he-
lium white dwarf donor (Eq. 4.7). The dashed line represents the modeled evolution
of an initially detached system with an 0.65 M helium burning donor starting at an
orbital period of 100 min, which starts mass transfer via Roche-lobe overflow at an
orbital period of 46 min (Yungelson 2008). Both systems have an 1.4 M neutron star
accretor. The triangles represent the absolute lower bounds on the luminosity based
on only the highly significant ASM dwells and assuming zero luminosity at all other
times (Sects. 4.2.3.1 and 4.3.1, Fig. 4.2). The stars above these represent the power-
law extrapolation of the bright-end part of the cumulative luminosity distribution L¯β
(Sect. 4.3.1.1). The circles represent the time-averaged bolometric luminosities based
on all dwells L¯ASM. Filled symbols correspond to confirmed UCXBs, open symbols
correspond to UCXB candidates with a tentative orbital period. Symbols at the same
orbital period correspond to the same source and are connected by a gray line for
clarity. For two sources the average count rate is negative so the circle is not shown.
The vertical dotted line at 28 min represents the orbital period above which a he-
lium accretion disk becomes subject to the thermal-viscous instability, based on the
zero-temperature white dwarf donor model by van Haaften et al. (2012b, Chapter 2).
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ABSTRACT
Aims. We model the present-day number and properties of ultracom-
pact X-ray binaries (UCXBs) in the Galactic Bulge. The main objective
is to compare the results with the known UCXB population as well as
with data from the Galactic Bulge Survey, in order to learn about the for-
mation of UCXBs and their evolution, such as the onset of mass transfer
and late-time behavior.
Methods. The binary population synthesis code SeBa and detailed stel-
lar evolutionary tracks have been used to model the UCXB population
in the Bulge. The luminosity behavior of UCXBs has been predicted
using long-term X-ray observations of the known UCXBs as well as the
thermal-viscous disk instability model.
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Results. In our model, the majority of UCXBs initially have a he-
lium burning star donor. Of the white dwarf donors, most have helium
composition. In the absence of a mechanism that destroys old UCXBs,
we predict (0.2− 1.9)× 105 UCXBs in the Galactic Bulge, depending
on assumptions, mostly at orbital periods longer than 60 min (a large
number of long-period systems also follows from the observed short-
period UCXB population). About 5−50 UCXBs should be brighter than
1035 erg s−1, mostly persistent sources with orbital periods shorter than
about 30 min and with degenerate helium and carbon-oxygen donors.
This is about one order of magnitude more than the observed number of
(probably) three.
Conclusions. This overprediction of short-period UCXBs by roughly
one order of magnitude implies that fewer systems are formed, or that a
super-Eddington mass transfer rate is more difficult to survive than we
assumed. The very small number of observed long-period UCXBs with
respect to short-period UCXBs, the surprisingly high luminosity of the
observed UCXBs with orbital periods around 50 min, and the properties
of the PSR J1719–1438 system all point to much faster UCXB evolution
than expected from angular momentum loss via gravitational wave radi-
ation alone. Old UCXBs, if they still exist, probably have orbital periods
longer than 2 hr and have become very faint due to either reduced ac-
cretion or quiescence, or have become detached. UCXBs are promising
candidate progenitors of isolated millisecond radio pulsars.
5.1 INTRODUCTION
Ultracompact X-ray binaries (UCXBs) are low-mass X-ray binaries with observed
orbital periods shorter than ∼ 1 hr, indicating a compact, hydrogen deficient donor
star (Vila 1971; Paczyn´ski 1981; Sienkiewicz 1984). The donor overflows its Roche
lobe, and lost matter is partially accreted by a neutron star or black hole companion.
Because of the compact orbit, mass transfer is driven by orbital angular momentum
loss via gravitational wave radiation (e.g. Kraft et al. 1962; Paczyn´ski 1967; Faulkner
1971; Pringle & Webbink 1975; Tutukov & Yungelson 1979). For an overview of the
relevance of studying UCXBs, see e.g. Nelemans & Jonker (2010).
The Galactic Bulge is a suitable direction to look in to discover UCXBs because
of the high local star concentration and because the line of sight from Earth crosses
106
5.2 METHOD
the Galactic plane. Furthermore, the Bulge is an old stellar population that contains
few young X-ray sources such as high-mass X-ray binaries and core-collapse super-
nova remnants. Due to their rarity, UCXBs are not found nearby in the Galaxy. Also,
while observable in X-rays, they are too faint to be identified in other galaxies (e.g.
Voss & Gilfanov 2007a).
The Galactic Bulge Survey (GBS) (Jonker et al. 2011) is an X-ray and optical
survey focused on two 6◦× 1◦ regions centered 1.5◦ to the North and South of the
Galactic Center. One of the goals of the GBS is to investigate the properties of pop-
ulations of X-ray binaries in order to constrain their formation scenarios, especially
the common-envelope phase(s).
The present study aims to predict and explain GBS results regarding the number
and luminosities of UCXBs by means of binary population synthesis and UCXB
evolutionary tracks, thereby contributing to a better understanding of the formation
and evolution of UCXBs. We also compare our results with the orbital periods and
chemical compositions of the known UCXB population. In Sect. 5.2 we describe our
assumptions on the star formation, stellar and binary evolution, and the observable
characteristics of evolved UCXBs. The results follow in Sect. 5.3, where we present
the modeled present-day population and its observational properties. In Sect. 5.4,
we compare our results with the population synthesis studies by Belczynski & Taam
(2004a), Zhu et al. (2012a), and Zhu et al. (2012b), as well as with observations, and
we discuss various implications. We conclude in Sect. 5.5.
5.2 METHOD
The study of the evolution of the UCXB population consists of several steps. First, the
star formation history of the Galactic Bulge and the binary initial mass function pre-
scribe which types of zero-age main sequence binaries form in the Bulge, and when
they form. The binary population synthesis code SeBa (Portegies Zwart & Verbunt
1996; Nelemans et al. 2001; Toonen et al. 2012) is used to simulate the evolution of
this population of zero-age main sequence binaries. During the evolution of the pop-
ulation, all UCXB progenitors are selected at a certain moment after the supernova
explosion that leaves behind the neutron star or black hole. More detailed evolution-
ary tracks are used to trace the subsequent evolution. This yields the present-day
number and intrinsic parameters of the UCXBs in the Galactic Bulge. Finally, using
long-term observations by the Rossi X-ray Timing Explorer All-Sky Monitor (RXTE
ASM) (Bradt et al. 1993; Levine et al. 1996) as well as the accretion disk instability
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model, the modeled UCXB parameters are translated into observational parameters
using the results of van Haaften et al. (2012c, Chapter 4). The result is a prediction
of the present-day observable population.
5.2.1 POPULATION SYNTHESIS
The binary population synthesis code SeBa models the evolutionary transformations
of a population of binary stars based on a distribution of initial binary parameters. It
follows the evolution of stellar components using analytic formulas by Hurley et al.
(2000), taking into account circularization due to tidal interaction, magnetic braking,
gravitational wave radiation, mass exchange via Roche-lobe overflow, common en-
velopes, and empirical parameterizations of wind mass loss. For a more extensive
description of SeBa we refer to Portegies Zwart & Verbunt (1996), Nelemans et al.
(2001), and Toonen et al. (2012).
As is common, we use parameterizations to describe the common-envelope pro-
cess. In this study, the density profile of the donor envelope is parametrized by
λ = 1/2, the efficiency with which orbital energy is used on unbinding the com-
mon envelope by αCE = 4 and the specific angular momentum of the envelope after
it has left the system, relative to the specific angular momentum of the pre-common-
envelope binary, by γ = 7/4. In choosing a value of αCEλ = 2 for massive stars
we follow Portegies Zwart & Yungelson (1998); Yungelson et al. (2006); Yungel-
son & Lasota (2008). The γ- and αCE-prescriptions are used as described in Toonen
et al. (2012). A metallicity Z = 0.02 has been used (Zoccali et al. 2003). For the
kicks acquired by nascent neutron stars we use the velocity distribution suggested by
Paczyn´ski (1990) with a dispersion of 270 km s−1. Because these parameters are very
uncertain, in Sect. 5.4 we will consider the effect of varying the common-envelope
parameters and the supernova kick velocity distribution from our standard values.
5.2.2 STAR FORMATION HISTORY AND INITIAL BINARY PARAMETERS
The star formation history of the Galactic Bulge can be approximated by a Gaus-
sian distribution with a mean µ = −10 Gyr and a standard deviation σ = 0.5− 2.5
Gyr, where the total mass of stars that are formed is 1× 1010 M (Clarkson & Rich
2009; Wyse 2009). Star formation is assumed to start 13 Gyr before present. For
a narrow distribution the star formation is concentrated around 10 Gyr in the past,
but the σ = 2.5 Gyr distribution has an important tail of recent star formation. In
this chapter we consider σ = 0.5 Gyr and σ = 2.5 Gyr (Fig. 5.1), representing a
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relatively instantaneous burst of star formation, and additional recent star formation,
respectively.
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FIGURE 5.1: Star formation history of the Galactic Bulge as a Gaussian distribution
for mean µ =−10 Gyr and two values of the standard deviation σ . The total mass of
the stars formed is 1×1010 M. Time = 0 corresponds to the present. Star formation
is assumed to start at Time =−13 Gyr.
We find the initial binary parameters by primary-constrained pairing (Kouwen-
hoven et al. 2008). We derive the initial mass function for the primary components
by combining the initial mass function for stellar systems by Kroupa (2001) with an
estimate of the binary fraction as a function of mass. The mass ratio of the secondary
and the primary is drawn from a flat distribution between 0 and 1. The 1×1010 M
of stellar mass is found to contain 5.2× 109 binary systems. We simulated 1 mil-
lion binaries with a lower primary mass limit of 4 M (because systems with a lower
primary mass do not produce a supernova event in either component), and another
4.3 million binaries with a lower primary mass limit of 8 M, after it became clear
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that systems with lower primary masses do not produce UCXBs. Using the binary
initial mass function we calculated to how many binaries in the full mass range of pri-
maries (0.08− 100 M) this simulation corresponds. The resulting population was
then multiplied by a factor (of 14.45) to scale to the entire Bulge population.
For an analytic derivation of the binary initial mass function we refer to Appendix
5.A.
5.2.3 FORMATION SCENARIOS
We consider three UCXB-progenitor classes, each defined by the stellar type of the
donor at the time it fills, or will fill, its Roche lobe:
Class 1. White dwarf with a neutron star or black hole companion (Tutukov & Yun-
gelson 1993; Iben et al. 1995; Yungelson et al. 2002),
Class 2. Helium burning star with a neutron star or black hole companion (Savonije
et al. 1986; Iben & Tutukov 1987; Yungelson 2008),
Class 3. Evolved main sequence star of about 1 M with a neutron star or black
hole companion (Tutukov et al. 1985; Nelson et al. 1986; Fedorova & Ergma 1989;
Pylyser & Savonije 1989; Podsiadlowski et al. 2002; Nelson & Rappaport 2003; van
der Sluys et al. 2005a; Lin et al. 2011).
These classes include all the binary systems that may eventually evolve into an
UCXB (Belczynski & Taam 2004a; van der Sluys et al. 2005a; Nelemans et al. 2010)
– in some models involving accretion-induced collapse of a white dwarf or a neutron
star, the donor star has already transferred mass before the formation of the eventual
accretor, a neutron star or a black hole, respectively. The detailed tracks follow the
evolution of the helium burning donor starting immediately after its formation, and
the main sequence donor immediately after the supernova event. The white dwarf
donor tracks start at the onset of Roche-lobe overflow. In each of the detailed tracks
the mass transfer is conservative as long as the mass transfer rate does not exceed the
Eddington limit. If the mass transfer is faster than that, accretion at the Eddington
limit is assumed, and the mass that is lost from the system carries the specific angular
momentum of the accretor.
The initial system parameters (component masses and orbital periods) and major
events during the evolution towards an UCXB are described below for each class.
5.2.3.1 WHITE DWARF DONOR SYSTEMS
The evolution of UCXBs with a white dwarf donor can be divided into two main
categories based on whether the primary (initially more massive star) or secondary
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component becomes a supernova. A supernova explosion of the secondary star is
possible when it gains mass by hydrogen accretion from the primary (e.g. Tutukov &
Yungelson 1993; Portegies Zwart & Verbunt 1996; van Kerkwijk & Kulkarni 1999;
Portegies Zwart & Yungelson 1999; Tauris & Sennels 2000). A supernova explosion
of the secondary probably never produces a black hole, neither does the primary turn
into a helium white dwarf after the supernova, because it starts out too massive. Thus,
all secondary-supernova systems have a carbon-oxygen or oxygen-neon white dwarf
donor and a neutron star accretor. Because the high stellar mass required for a super-
nova explosion of the primary is relatively rare due to the steep initial mass function,
in our simulations a significant fraction of the systems (13% of the carbon-oxygen
white dwarf systems and 36% of the oxygen-neon white dwarf systems) experience
their supernova in the secondary star. Systems with a black hole accretor are rare,
about 0.2% of all white dwarf systems. All black holes form from the primary and
have a ∼0.6−0.8 M carbon-oxygen white dwarf companion.
Carbon-oxygen white dwarf systems1 are 1.5 times more prevalent than oxygen-
neon white dwarf systems in our simulations, and ∼ 30 times more prevalent than
helium white dwarf systems (combining primary and secondary supernovae).
SUPERNOVA EXPLOSION OF THE PRIMARY This category can be subdivided by
the predominant white dwarf composition: helium, carbon-oxygen or oxygen-neon.
Evolution starts with a zero-age main sequence binary in which the primary is a
massive star (M & 8 M if the secondary is to become a helium or carbon-oxygen
white dwarf, and M & 10 M in the case of an oxygen-neon white dwarf companion)
that evolves off the main sequence first. Systems that eventually produce a helium
white dwarf donor have initial orbital periods ranging mainly from 1 to 100 yr. For
systems that produce a carbon-oxygen or oxygen-neon white dwarf donor the orbital
periods lie mostly between 0.1 and 1000 yr. In the case of neutron star accretors, the
primary expands during the Hertzsprung gap or as a giant and fills its Roche lobe,
followed by mass transfer to the companion. The secondary cannot accrete all of
this mass and is engulfed in a common envelope (Paczyn´ski 1976). The envelope
is expelled before the two components merge and the exposed helium core and the
main sequence secondary are left behind with an orbital separation several tens of
times smaller than before. After a few 10 Myr, the helium star turns into a giant
(which may lead to a subsequent phase of Roche-lobe overflow) and explodes as a
1The envelopes of some white dwarfs contain helium, but we refer to them as carbon-oxygen white
dwarfs because the envelope will be lost relatively early.
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core-collapse supernova, leaving behind a neutron star. Black hole progenitors are
Wolf-Rayet stars, which lose a large fraction of their mass before evolving into a
helium giant, and then collapse to form a black hole.
Secondary stars that eventually become a helium white dwarf donor had a zero-
age main sequence mass between 1.4 and 2.3 M, whereas for carbon-oxygen white
dwarf donors this range is 2.3−7 M, where 2.3 M is the maximum mass of single
stars that undergo the helium flash. A small fraction started with a higher initial mass.
Progenitors of oxygen-neon white dwarf secondaries have a mass between 7 and
11 M on the zero-age main sequence and do not become a supernova due to severe
mass loss (e.g. Gil-Pons & García-Berro 2001). (There is some overlap with the
progenitor mass range of carbon-oxygen white dwarfs – the end product depends on
whether burning stops before of after carbon ignition.) After the supernova explosion
has occurred, the secondary evolves off the main sequence. As a subgiant, it initiates
a common envelope with the neutron star, shrinking the orbit by another factor of a
few tens. The core cools into a helium white dwarf (. 0.35 M) or, after a helium
burning and helium giant stage, a carbon-oxygen white dwarf (0.35− 1.1 M), or
even, after carbon burning, an oxygen-neon white dwarf (& 1.1 M, Gil-Pons &
García-Berro 2001). Orbital angular momentum loss via gravitational wave radiation
further shrinks the orbit until the white dwarf eventually overfills its Roche lobe,
which happens at an orbital period of a few minutes.
SUPERNOVA EXPLOSION OF THE SECONDARY In this scenario, the total binary
mass needs to be at least 9 M if the primary becomes a carbon-oxygen white dwarf
and 12 M if the primary becomes an oxygen-neon white dwarf. The primary trans-
fers several solar masses to the secondary in a stable manner (avoiding a common
envelope – initially the secondary must have a mass of at least 0.55 times the primary
mass) while ascending the red giant branch (e.g. Tauris & Sennels 2000). Eventually
the core becomes a helium star, or a carbon-oxygen or oxygen-neon white dwarf. The
secondary, which becomes the more massive component of the system, evolves off
the main sequence and initiates a common envelope. The orbit shrinks, and 30−70
Myr after the binary formation the secondary explodes as a supernova and produces
a neutron star. In systems which remain bound after the supernova explosion, the pri-
mary will eventually reach Roche-lobe overflow as a relatively massive (& 0.7 M)
carbon-oxygen white dwarf or an oxygen-neon white dwarf (& 1.1 M). The rela-
tively high initial mass of the primary precludes less massive carbon-oxygen white
dwarfs. The initial orbital period in this scenario can be much shorter than in the
primary-supernova scenarios, down to a few days. The initial stellar masses lie be-
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tween 4.5 and∼10 M for the primary and 4−9 M for the secondary (if the former
becomes a carbon-oxygen white dwarf) and about 5− 12 M for both the primary
and secondary (if the primary becomes an oxygen-neon white dwarf).
THE ONSET OF MASS TRANSFER FROM THE WHITE DWARF Most white dwarf–
neutron star systems merge upon the onset of mass transfer. For a 1.4 M neutron star
companion, white dwarfs with a mass higher than∼0.83 M experience dynamically
unstable mass transfer, assuming a zero-temperature (completely degenerate) mass-
radius relation for the donor (e.g. Yungelson et al. 2002; van Haaften et al. 2012b,
Chapter 2). This assumption implies that these white dwarfs have cooled consid-
erably by the time they eventually fill their Roche lobe, although tidal heating and
irradiation before the onset of mass transfer may counteract this for a short time.2
This leads to runaway mass loss on the dynamical timescale of the donor, followed
by accretion of part of the disrupted white dwarf via a disk around the neutron star
(see e.g. van den Heuvel & Bonsema 1984; Fryer et al. 1999; Paschalidis et al. 2011;
Metzger 2012). Furthermore, in systems with a donor mass larger than ∼0.38 M
(Yungelson et al. 2002; van Haaften et al. 2012b, Chapter 2) (this value is only weakly
sensitive to accretor mass) the accretor will be unable to eject enough transferred mat-
ter from the system by isotropic re-emission, where most arriving matter leaves the
vicinity of the accretor in a fast, isotropic wind powered by accretion (Soberman et al.
1997; Tauris & Savonije 1999). This also leads to a merger. Therefore, systems that
are unstable due to either a dynamical instability or insufficient isotropic re-emission
have been removed from the sample. These instabilities only occur in systems with
a white dwarf donor, because of the negative donor mass-radius exponent and the
small donor size (hence, small orbit) at the onset of mass transfer. Dynamical in-
stabilities may occur in systems with helium or main sequence donors if they have
masses considerably higher than considered in this study (see e.g. Pols & Marinus
1994).
In our simulation 97.4% of all white dwarf systems have a donor with a mass
higher than 0.38 M and do not survive the onset of mass transfer. This includes
99.1% of carbon-oxygen (solid line in Fig. 5.2) and all oxygen-neon (dashed line
in Fig. 5.2) white dwarf systems. In about 80% of the surviving white dwarf donor
systems, the donor is a helium white dwarf (dotted line in Fig. 5.2), in the remainder
2If the white dwarfs are warm, their radius is larger at a given mass (Bildsten 2002; Deloye &
Bildsten 2003) and therefore the orbital periods we find are strictly lower limits.
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it is a carbon-oxygen white dwarf. All surviving systems experienced the supernova
explosion in the primary star and host a neutron star.
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FIGURE 5.2: Total time-integrated number of UCXBs with a helium (dotted line),
carbon-oxygen (solid line) or oxygen-neon (dashed line) white dwarf donor at the
onset of mass transfer to a neutron star (including merging systems).
If a white dwarf donor with a mass higher than the 0.38 M isotropic re-emission
limit has a non-degenerate surface layer, the system may not merge immediately upon
the onset of mass transfer, but it will once this layer has been lost.
Two thirds of the white dwarf donor systems start to transfer mass to the neutron
star within 2 Gyr, but some systems take much longer (Fig. 5.3). This is the case for
all white dwarf types. White dwarfs can take very long to start mass transfer depend-
ing on the width of the initial orbit, since the orbital decay of binaries consisting of a
neutron star and a white dwarf is caused by gravitational wave radiation only.
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FIGURE 5.3: Delay time distribution between the zero-age main sequence (ZAMS)
and the onset of mass transfer to a neutron star for UCXBs with a white dwarf (ex-
cluding merging systems, solid line), helium star (dashed line) and main sequence
(dotted line) donor.
EVOLUTIONARY TRACKS For each donor composition, the evolution after the
stage described in Sect. 5.2.3.1 follows the tracks described in van Haaften et al.
(2012b, Chapter 2). Initially, the white dwarf donor has not yet cooled and therefore
is larger than a zero-temperature white dwarf of the same mass. While the donor loses
mass, its radius is held constant until it equals the zero-temperature radius of the same
mass (this is justified by the rapid mass loss the donor initially experiences). From
this point on, the zero-temperature radius (Zapolsky & Salpeter 1969; Rappaport
et al. 1987) is used, which increases with further mass loss. The initial neutron star
mass is taken to be 1.4 M and its radius 12 km (Guillot et al. 2011; Steiner et al.
2012). The evolution of UCXBs with degenerate donor stars is governed by angular
momentum loss through gravitational wave radiation, which forces mass transfer via
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Roche-lobe overflow.
5.2.3.2 HELIUM BURNING DONOR SYSTEMS
The supernova in low-mass helium burning star systems occurs in the primary, which
has an initial mass M & 8 M. Most systems start out with an orbital period between
0.1 and 100 yr. Most of the helium stars form less than 500 Myr after the zero-age
main sequence when the secondaries, with initial masses of 2.3− 5 M experience
hydrogen shell burning (Savonije et al. 1986) and lose their hydrogen envelope in
case B mass transfer (Kippenhahn & Weigert 1967). They fill their Roche lobes
within another ∼ 200 Myr, which is much earlier than UCXBs with white dwarf
donors. In part this is due to the requirement that the helium star has not yet turned
into a white dwarf before the onset of mass transfer (thereby disqualifying itself from
the helium burning donor sample) which constrains the size of the initial orbit. We
do not find systems with a black hole accretor.
We have used stellar evolutionary tracks for systems with an 0.35− 1.0 M he-
lium star and a 1.4 M neutron star at initial orbital periods3 between 20 and 200 min
(Nelemans et al. 2010, table in electronic article), part of which is shown in Fig. 5.4.
These tracks were made in the same way as the tracks for systems with white dwarf
accretors in Yungelson (2008). The donor metallicity Z = 0.02. Because the donors
at the end of the tracks are degenerate, we have extended these tracks by making a
smooth transition to the zero-temperature white dwarf evolution. The tracks describe
the orbital period, mass transfer rate, donor mass, and core and surface compositions
as a function of time. For each individual ‘zero-age’ UCXB system produced by
SeBa, the track that best matches its donor mass and orbital period has been used.
5.2.3.3 MAIN SEQUENCE DONOR SYSTEMS
Main sequence donors have mostly evolved from 1.0− 1.2 M secondaries that
started transferring mass after orbital decay due to magnetic braking (van der Sluys
et al. 2005a). After the magnetic field disappears (because the star becomes fully
convective as a result of mass loss), gravitational wave radiation becomes the domi-
nating angular momentum loss mechanism, continuing the orbital shrinking. In this
scenario, the initial period and donor mass need to fall within relatively narrow ranges
in order to sufficiently evolve the main sequence star. Moreover, the magnetic brak-
ing must be sufficiently efficient (van der Sluys et al. 2005b) which it probably is not
3The initial orbital period is the period directly after completion of the common-envelope phase that
leaves behind the helium star (Yungelson 2008).
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FIGURE 5.4: A sample of helium star–neutron star UCXB tracks, for initial helium
star mass range 0.35−1.0 M and initial orbital period range 20−200 min by Nele-
mans et al. (2010) (solid lines), and our white dwarf donor track extensions (dashed
lines). The helium stars live up to 400 Myr. After the onset of mass transfer (vertical
part of the tracks), the orbits shrink until the period minimums, then expand towards
the bottom right of the figure.
(Queloz et al. 1998). Depending on the extent of hydrogen depletion in the stellar
center, systems can reach a minimum orbital period between 10 and 80 min, where
∼80 min is the lower limit for hydrogen-rich donors (Paczyn´ski 1981).
We have used stellar evolutionary tracks by van der Sluys et al. (2005a) for bi-
naries with an 0.7− 1.5 M main sequence star and a 1.4 M neutron star at initial
orbital periods between 0.50 and 2.75 days. The donor metallicity Z = 0.01. These
tracks describe the orbital period and mass transfer rate as a function of time, as well
as the core and surface compositions.
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5.2.4 BEHAVIOR OF OLD UCXBS
Figure 5.4 suggests that once the donor has become degenerate, UCXBs ‘unevent-
fully’ reach long orbital periods and very low mass transfer rates. This is probably
not the case. Instead, at low mass transfer rate a thermal-viscous instability in the
accretion disk (Osaki 1974; Lasota 2001) can cause UCXBs with a sufficiently low
mass transfer rate to become transient (Deloye & Bildsten 2003). This usually im-
plies that these systems are visible only during outbursts when the disk is in a hot
state, which is only a small fraction of the time, and not during the quiescent state
when the disk is cold and gaining mass. Furthermore, due to accretion of angular mo-
mentum, a neutron star accretor in an UCXB can be recycled to a spin period between
one and a few ms (Bisnovatyi-Kogan & Komberg 1974; Alpar et al. 1982; Radhakr-
ishnan & Srinivasan 1982). Combined with a low mass transfer rate, the magneto-
sphere may transfer angular momentum from the neutron star to the accretion disk,
thereby accelerating orbiting disk matter and counteracting accretion, known as the
‘propeller effect’ (Davidson & Ostriker 1973; Illarionov & Sunyaev 1975). As a re-
sult, the inner accretion disk, source of most X-ray radiation, can become disrupted
by the magnetosphere. See van Haaften et al. (2012b, Chapter 2) for more details on
the thermal-viscous disk instability and propeller effect in UCXBs. Finally, at low
donor mass, high-energy radiation from the neutron star, the magnetosphere and the
accretion disk may evaporate the donor, or detach it from its Roche lobe (Kluz´niak
et al. 1988; van den Heuvel & van Paradijs 1988; Ruderman et al. 1989a; Rasio et al.
1989). Hot, low-mass donors may suffer from a dynamical instability caused by a
minimum value of their mass in the case of a constant core temperature (Bildsten
2002).
Each of these mechanisms can potentially diminish the visibility of UCXBs. Be-
cause it is impossible to precisely quantify at which stage of the evolution (if at all)
these mechanisms become important, and to what degree, we do not remove UCXBs
from the sample, instead we will discuss the implications on the population of old
UCXBs in the Discussion (Sect. 5.4).
5.2.5 PRESENT-DAY POPULATION
The present-day number and system parameters of UCXBs in the Galactic Bulge can
be found by evaluating the evolutionary stage of all simulated systems at the present
time. The most interesting parameters are the orbital period, mass transfer rate and
surface composition, because these can be inferred from observations. The orbital pe-
riods of observed systems can be found from periodic modulations in the light curve
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or spectrum, although this is usually very difficult for UCXBs (e.g. Nelemans et al.
2006; in’t Zand et al. 2007). Since the transferred matter originates from the surface
of the donor, the occurrence and relative abundance of elements in the donor can be
inferred from X-ray (Schulz et al. 2001), ultraviolet (Homer et al. 2002), and optical
(Nelemans et al. 2004) spectra, and more indirectly, type-I X-ray bursts (in’t Zand
et al. 2005b). The mass transfer rate cannot be directly determined observationally.
However, because the energy output of an X-ray binary is for a large part provided by
the gravitational energy release of the accreted matter, the mass transfer rate strongly
influences the luminosity of the system, which can be observed.
5.2.5.1 BOLOMETRIC LUMINOSITY
We employ two methods of converting the modeled mass transfer rate to bolometric
luminosity.
An observational method is to match the modeled systems to real systems and
assume that the modeled system behaves similar to the real system in terms of emis-
sion. We match a modeled UCXB to the real UCXB with the nearest orbital period.
The relevant parameter of the emission behavior is the fraction of the time a source
radiates at a given bolometric luminosity, measured over a sufficiently long times-
pan. We use 16-year observations by the RXTE ASM to determine this behavior for
the 14 known UCXBs (including two candidates) for which ASM data is available.
Figure 5.5 shows this behavior for sources when they are visible well above the noise
level (van Haaften et al. 2012c, Chapter 4). ASM X-ray luminosity was converted
to bolometric luminosity using an estimate by in’t Zand et al. (2007). At a given
time, the luminosity of an UCXB is randomly drawn from either the individual ASM
observations that make up this time-luminosity curve, or (most of the time) from the
faint-end extrapolations of the curves in Fig. 5.5 (van Haaften et al. 2012c, Chap-
ter 4). These extrapolations are constructed in such a way that the average luminosity
of the luminosity distribution is equal to the time-averaged luminosity of the source
as observed by the ASM. The amount of time that a given source spends at a par-
ticular luminosity translates into the number of sources in a population at the same
luminosity.
The second method, of a more theoretical nature, is to convert a system’s mod-
eled mass transfer rate to luminosity, using predictions by the disk instability model
(Sect. 5.2.4) in the case of long-period UCXBs. According to this model the mass
transfer rate must exceed a critical value in order to be stable and the source to be
persistent, i.e., visible at a relatively high luminosity (almost) all the time. A crude
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FIGURE 5.5: UCXB variability: fraction of time that a source emits above a given
luminosity for 14 UCXBs, including two candidates with tentative orbital periods,
adapted from van Haaften et al. (2012c, Chapter 4). The numbers associated with the
curves indicate the orbital periods in minutes.
estimate for the critical mass transfer rate in the case of an irradiated disk is given
by in’t Zand et al. (2007), based on Dubus et al. (1999); Lasota (2001); Menou et al.
(2002)
M˙crit ≈ 5.3×10−11 f
(
Ma
M
)0.3 (Porb
hr
)1.4
M yr−1 (5.1)
with Ma the accretor mass, Porb the orbital period, and f is a factor accounting for the
disk composition; f ≈ 1 for carbon-oxygen disks and f ≈ 6 for helium disks.
When the time-averaged mass transfer rate exceeds the critical value, the bolo-
metric luminosity L is assumed to be constant at
L =
GMaM˙a
2Ra
, (5.2)
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with G the gravitational constant and Ra the accretor radius.
Sources with a time-averaged mass transfer rate below the critical value are as-
sumed to be visible only during outburst stages. The predictions by the thermal-
viscous disk instability model regarding the degree of variability of sources is sup-
ported by observations (van Paradijs 1996; Ramsay et al. 2012; Coriat et al. 2012).
The duty cycle (fraction of the time the source is in outburst) is
DC =
Lavg
Loutburst
, (5.3)
where Lavg is the time-averaged luminosity based on the theoretical mass transfer
rate, (Eq. 5.2), and Loutburst is the luminosity during outburst, derived by Lasota et al.
(2008)
Loutburst ≈ 3.5×1037
(
Porb
hr
)1.67
erg s−1, (5.4)
which is consistent with observations of outbursts in UCXBs (e.g. Wu et al. 2010).
The period of this cycle is not relevant here. We neglect the decay in the light curve
after an outburst. Furthermore, we do not predict the luminosity of systems that are
in quiescence, which in fact has been assumed to be zero in the above method.
Both methods have advantages and shortcomings. The ASM observations have
a rather high lower limit in converted bolometric luminosity, of ∼ 1037 erg s−1 at
8.3 kpc, the estimated distance to the Galactic Center (Gillessen et al. 2009). Below
this luminosity, we have to rely on extrapolations. Also, variability on a timescale
longer than 16 yr cannot have been observed by the ASM. On the other hand, the
data do not strongly rely on uncertainties in models, as is the case for the disk insta-
bility model method. The ASM data show that UCXBs with a similar orbital period
can behave rather differently, for instance XTE J1751–305 (42.4 min orbital period)
and XTE J0929–314 (43.6 min), or 4U 0513–40 (17.0 min) and 2S 0918–549 (17.4
min). Equation (5.1), however, shows that in the disk instability model the critical
mass transfer rate and hence luminosity is largely determined by the orbital period
and composition. A longer orbital period does not automatically imply a lower lumi-
nosity, as evidenced by M 15 X-2 (20.6 min orbital period) and 4U 1916–05 (49.5
min).
In general, the ASM data show that a clear distinction between persistent and
transient behavior is not justified (van Haaften et al. 2012c, Chapter 4). Almost all
systems are visible above the ASM detection limit only sporadically. Still, short
orbital period systems are typically visible more often at a given luminosity, i.e.,
they have a (slightly) higher time-averaged luminosity. Even though the available
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sample is small, individual unusual behavior is expected to partially cancel out for
the population as a whole, because some modeled UCXBs will be matched to a real
UCXB that is brighter than typical for its orbital period, while others will be matched
to one that is fainter than typical.
5.2.5.2 DONOR COMPOSITION
The donor surface compositions of the modeled UCXBs are predicted using the
helium-star donor and main sequence donor tracks, as well as the white dwarf types
from the population synthesis model. These predicted compositions can be com-
pared with observations of real systems, in the Bulge and elsewhere. Donors that
start mass transfer as a white dwarf can be helium and carbon-oxygen white dwarfs
(Sect. 5.2.3.1). In the latter case we assume 30% carbon and 70% oxygen by mass,
based on the most common eventual compositions in the helium burning donors
(Sect. 5.3.4). Donors that start mass transfer as a helium burning star can also pro-
duce helium-carbon-oxygen donors due to an interrupted helium burning stage. For
the subsequent tracks for these systems, we use the mass-radius relation for degener-
ate donors composed of a mixture of 60% helium, 30% carbon and 10% oxygen, a
choice based on the dominant tracks by Nelemans et al. (2010) as will be discussed
in Sect. 5.3.4. We note that the degenerate tracks are not very sensitive to the compo-
sition (as long as there is no hydrogen), so these simplifications are justified. Matter
processed in the CNO cycle has a high nitrogen-to-carbon abundance ratio, whereas
helium burning converts this to a low ratio. Consequently, the nitrogen-to-oxygen
ratio is a good test for the formation channel because it can discriminate between a
history as a helium white dwarf donor or a helium burning donor (Nelemans et al.
2010).
Based on the overview in van Haaften et al. (2012c, Chapter 4), the compositions
of observed UCXBs can be summarized as being roughly equally distributed over
helium and carbon-oxygen compositions. There is no clear dependency on the orbital
period, although helium composition may be more common among systems with a
long orbital period (& 40 min) (van Haaften et al. 2012c, Chapter 4). The surface
composition of very low-mass donors corresponds to the (inner) core composition of
the object before it started transferring mass.
122
5.3 RESULTS
5.3 RESULTS
5.3.1 BIRTH RATES AND TOTAL NUMBER OF SYSTEMS
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FIGURE 5.6: Birth rate of systems reaching Roche-lobe overflow against time for
UCXBs from the white dwarf donor channel (solid lines), helium-star donor channel
(dashed lines) and main sequence donor channel (dotted lines). Time = 0 corresponds
to the present. Black lines correspond to a star formation history width σ = 0.5 Gyr,
gray lines to σ = 2.5 Gyr.
Convolving the star formation history (Fig. 5.1) with the delay times of the onset
of mass transfer (Fig. 5.3) yields the birth rate distributions, shown in Fig. 5.6 for
burst-like (black) and extended (gray) star formation epochs. Except for part of the
white dwarf channel and the main sequence channel, the delay times are much shorter
than the age of the Bulge (Sect. 5.2.2). In the case of σ = 0.5 Gyr, 98% of the white
dwarf donor systems have started Roche-lobe overflow before the present, whereas
100% of the helium-star donor and 84% of the main sequence donor systems have.
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In the case of σ = 2.5, these percentages are 97%, 100% and 77%, respectively. The
main distinguishing feature between the three classes (Sect. 5.2.3) is the most recent
time at which mass transfer can begin. Initially wide systems from the white dwarf
donor channel can still start mass transfer at the present, whereas main sequence
donor systems and especially helium-star donor systems cannot, unless they have
formed relatively recently (star formation history width σ = 2.5 Gyr). The rate of
helium burning donor systems reaching Roche-lobe overflow closely follows the star
formation history.
Upon the onset of mass loss, the donor radius increases immediately for fully
degenerate white dwarf donors, and after approximately 100 Myr for helium burning
donors, once the donor has become sufficiently degenerate following the extinction of
nuclear fusion (this happens some time after the period minimum). The orbital period
decreases in the case of helium burning or main sequence donors, whereas the period
increases with mass loss for systems with degenerate donors (in each channel). If
main sequence donor systems become ultracompact, this typically happens ∼3 Gyr
after the onset of mass transfer, and mass transfer starts after 2− 6 Gyr after the
formation of the binary (van der Sluys et al. 2005a).
The total number of UCXBs with a white dwarf or helium-star donor, shown
as the solid and dashed lines in Fig. 5.7, initially follows the star formation rate
and later on approaches an upper limit as star formation slows down. The number
of systems below a given orbital period initially resembles the instantaneous star
formation rate more closely for short orbital periods. After the peak in star formation
rate, the number of systems below a given period keeps increasing as long as more
new systems form than old systems are removed from the given sample due to their
increasing orbital periods. The numbers of systems from the three different classes
decline at different rates corresponding to their respective recent birth rates (Fig. 5.6).
5.3.2 PRESENT-DAY POPULATION
While the evolution of the population is interesting in itself, the population today can
be used to validate the results. In the case of a star formation history distribution
width σ = 0.5 Gyr, shown in Fig. 5.8, most systems at the present are old, and have
expanded to an orbital period of ∼ 80 min. Since evolution slows down at longer
periods, systems tend to ‘pile up’.4 Differences in donor composition lead to dif-
ferent present-day orbital periods. This is the case even among hydrogen-deficient
4For a donor mass-radius exponent ζ , the number of UCXBs at a given period N ∝P(11/3−5ζ )/(1−3ζ )orb
(Deloye & Bildsten 2003).
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FIGURE 5.7: Number of UCXBs from the white dwarf donor channel (solid lines),
helium-star donor channel (dashed lines) and main sequence donor channel (dotted
lines). Time = 0 corresponds to the present. For each line style, the three lines
represent the full population (upper) and the systems with orbital periods shorter than
60 min (middle) and shorter than 20 min (lower). A star formation history width
σ = 0.5 Gyr has been used.
compositions because during most of the evolution, the donor mass is low enough
for Coulomb physics to be important to the stellar structure, or even dominating de-
generacy pressure. Coulomb interactions cause a donor that is composed of ‘heavy’
elements such as carbon and oxygen to have a smaller radius than donors with lighter
composition, such as helium, of the same mass (Zapolsky & Salpeter 1969). A larger
donor radius (at each mass) results in a longer orbital period at each mass, but also at
each age (because less time is spent at a given orbital period).5
5However, more time is spent at a given donor mass.
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FIGURE 5.8: Present-day orbital period distribution for UCXBs from the white dwarf
donor channel (solid lines), helium-star donor channel (dashed lines) and main se-
quence donor channel (dotted lines). The elements next to the lines indicate the most
abundant element(s) at the surface of the donor, hence in the transferred matter. The
star formation history has width σ = 0.5 Gyr.
For σ = 0.5 Gyr, all UCXBs with orbital periods shorter than 1 hr started Roche-
lobe overflow from a white dwarf donor (Fig. 5.8), long after the formation of the
system. Most of these systems host a helium white dwarf. The main sequence chan-
nel contributes a negligible number of UCXBs and can only be distinguishable (in
principle) via donor compositions. For σ = 2.5 Gyr, shown in Fig. 5.9, there is also
recent star formation. This produces a population of young UCXBs that descended
from helium burning donor systems (or still have a helium burning donor), with or-
bital periods shorter than 1 hr. The steep cut-off at the long-period end of several
curves is due to the assumption that star formation suddenly starts 13 Gyr before
present.
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FIGURE 5.9: Same as Fig. 5.8 except σ = 2.5 Gyr.
Combining all donor compositions, the result is a current ∼1.9×105 population
of UCXBs, mostly at long orbital period (60−90 min). The total number of UCXBs
in each class is 3.5× 104 (18%) with white dwarf donors, 1.56× 105 (81%) with
helium-star donors, and 5.1× 102 (0.3%) with main sequence donors. The number
of modeled systems with orbital periods shorter than 60 min is 1.5×103 for σ = 0.5
Gyr, and 7.4×103 for σ = 2.5 Gyr (0.8% and 3.8% of the population, respectively).
We note that these numbers are rather sensitive to assumptions in the model, and
could be lower by an order of magnitude, as will be discussed in Sect. 5.4.
5.3.3 OBSERVABLE POPULATION
As described in Sect. 5.2.5.1, in order to determine what we can observe at high
luminosity we have to convert the modeled population to luminosities.
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5.3.3.1 RXTE ALL-SKY MONITOR
In the first method, we apply the observations of known UCXBs by the RXTE ASM
(Fig. 5.5, Sect. 5.2.5.1) to the modeled population (Figs. 5.8 and 5.9, Sect. 5.3.2).
Modeled UCXBs with an orbital period longer than 60 min are left out because of
the absence of known real systems with such periods (i.e., they are assumed never
to reach luminosities above ∼1034 erg s−1). The time-averaged luminosity of most
UCXBs with orbital periods longer than 40 min is approximately two orders of mag-
nitude higher than expected from the gravitational-wave model (van Haaften et al.
2012c, Chapter 4). This implies that either the observed sources are atypically bright,
or that they show normal behavior, but evolve much faster than if driven only by grav-
itational wave losses (the implications will be discussed in Sect. 5.4.2). In each case,
due to energy conservation, we need to reduce the number of bright sources at each
orbital period by a factor that corresponds to the ratio between the gravitational-wave
luminosity and the actual observed luminosity, given by van Haaften et al. (2012c,
their Fig. 3, Chapter 4). Figure 5.10 shows the resulting number of bright UCXBs
predicted by the ASM data.
For star formation history width σ = 0.5 Gyr, about 40 systems are expected to be
visible as bright sources at a given time. For σ = 2.5 Gyr, this number is larger,∼80,
because recent star formation causes more young systems to exist, which have not
yet reached orbital periods of 60 min. The cut-off at the faint end of the histogram is
an artifact of the assumed linear extrapolation to the faint behavior. This also results
in a relatively high minimum luminosity. In reality, especially sources with orbital
periods longer than ∼ 40 min are expected to be very faint (i.e., much fainter than
suggested by a linear extrapolation) at least some fraction of the time, which means
the cumulative luminosity distribution flattens at faint luminosities, causing a tail at
the low-luminosity end of Fig. 5.10. The distribution decreases with increasing lumi-
nosity in a similar way as the luminosity distribution of the representative individual
observed UCXBs (Fig. 5.5).
5.3.3.2 DISK INSTABILITY MODEL
The second method relies on converting theoretical mass transfer rates to luminosi-
ties using the disk instability model (Sect. 5.2.5.1), the result of which is shown in
Figs. 5.11 and 5.12. The total number of bright (& 1035 erg s−1) sources (either
persistent or in outburst) is 34 for σ = 0.5 Gyr and 51 for σ = 2.5 Gyr. The vast
majority of these are persistent (short-period) sources, and therefore the number is
larger in the case of recent star formation. For the same reason, the white dwarf
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FIGURE 5.10: Present-day luminosity distribution of UCXBs in the Bulge based on
Rossi XTE All-Sky Monitor observations, after incorporating the accelerated evolu-
tion of the systems (Sect. 5.3.3.1). The star formation history has width σ = 0.5 Gyr
(solid line) and σ = 2.5 Gyr (dashed line).
donor channel (Sect. 5.2.3.1) dominates this population, and most should have he-
lium or carbon-oxygen donors. The helium burning channel is expected to contribute
at most a couple of bright sources, in outburst at long orbital period (60−80 min).
Figure 5.11 shows the luminosity distribution of bright sources. UCXBs with a
luminosity between ∼1036−37 erg s−1 are the ones with the shortest orbital periods,
below ∼20 min. From here, the number of sources at a given luminosity increases
towards fainter luminosities because these sources have longer period derivatives and
lower time-averaged mass transfer rates, until a sharp cut-off defined by the longest
orbital period at which sources are still considered persistent. Carbon-oxygen domi-
nated sources are persistent to longer periods and lower luminosities because accre-
tion disks composed of carbon-oxygen are more stable than helium dominated disks,
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FIGURE 5.11: Present-day luminosity distribution of UCXBs in the Bulge based
on the disk instability model (Sect. 5.2.5.1). Line color distinguishes between he-
lium (thick black lines), carbon-oxygen (thick gray and thin black lines) and helium-
carbon-oxygen (thin gray lines) donor compositions. The thick lines correspond to
the white dwarf donor channel, the thin lines to the helium burning channel. The star
formation history has width σ = 0.5 Gyr (solid lines) and σ = 2.5 Gyr (dashed lines).
see Eq. (5.1). For σ = 0.5 Gyr the number of short-period, persistent, systems is neg-
ligible. At longer periods (& 40 min), the duty cycle (Eq. 5.3) determines the number
of sources in outburst. The duty cycle decreases below 10−4 at orbital periods longer
than 60− 70 min, depending on donor composition. During their rare outbursts,
sources are temporarily bright at ∼1037−38 erg s−1, as follows from Eq. (5.4). Their
peak luminosities are used in Fig. 5.11.
Two peaks can be distinguished in the lines representing the white dwarf channel
in Fig. 5.11 (thick lines). The peak at ∼1037 erg s−1 consists of systems with orbital
periods just longer than the critical period because these still have a relatively high
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FIGURE 5.12: Orbital period distribution of the predicted bright population of
UCXBs in the Bulge at the present based on the disk instability model. For details see
Fig. 5.11.
duty cycle. The second peak at ∼ 1037.6 erg s−1 consists of long-period systems
because these are very numerous and distributed over a relatively narrow interval of
orbital periods. The duty cycle at a given orbital period is higher for helium burning
systems owing to their larger size and, because their average density is set by the
orbital period, correspondingly larger mass. Hence, their time-averaged mass transfer
rate at a given orbital period is also higher.
In Fig. 5.12 the orbital period distribution is shown for the same population of
bright sources as in Fig. 5.11. The jumps of these distributions correspond to the
respective low-luminosity ends of the distribution in Fig. 5.11. The cut-off period
of persistent sources (at 30− 40 min) lies at a longer orbital period for the systems
with a helium burning donor origin compared to systems with a white dwarf origin.
The reason is that these donors have a higher temperature than originally white dwarf
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donors, and therefore the time-averaged mass transfer rate is higher at the same pe-
riod. This causes the disk to remain stable (and the sources to be persistent) up to a
longer period. Again we see that carbon-oxygen donor systems are persistent up to a
longer orbital period than helium-dominated donor systems. Transient systems with
orbital periods longer than∼40 min are rarely in outburst and at most a handful have
a high luminosity at a given time.
5.3.4 DONOR SURFACE COMPOSITION
The helium-star donors have partially turned into carbon-oxygen white dwarfs dur-
ing their evolution, depending on their mass and evolutionary stage at the onset of
Roche-lobe overflow (determined by the initial mass and orbital period). When the
star starts mass transfer after filling its Roche lobe, burning is extinguished quickly
(Savonije et al. 1986), and at this stage the core mass fraction of helium varies be-
tween a few percent to almost 100% (Nelemans et al. 2010). Figure 5.13 shows
the surface abundances at the present day, assuming a narrow star formation history
(σ = 0.5 Gyr). Two thirds of the systems end up with less than 10% helium on their
surface. Systems that started out with a short orbital period generally have a higher
helium mass fraction, because these had less time to burn helium before the onset of
mass transfer. The abundances depend on the temperature at which helium and car-
bon burning takes place. A higher temperature causes a higher helium burning rate,
producing more carbon. Later, the carbon abundance reduces in favor of oxygen. The
scatter in Fig. 5.13 is therefore due to differences in core burning temperature caused
by different stellar masses.
UCXBs produced via the white dwarf donor channel have donors mostly com-
posed of either helium material (produced in the CNO cycle), or carbon-oxygen.
The ratio between both types is about 3:1 but strongly depends on the efficiency
of isotropic re-emission, which strongly affects the number of carbon-oxygen white
dwarf donor systems that survive the onset of mass transfer (Sect. 5.2.3.1).
Evolved main sequence donors with an initial mass of 1.0− 1.2 M reach a he-
lium surface abundance Y ≈ 0.9 once they become ultracompact, the remaining part
being hydrogen and a metallicity Z = 0.01, which has been present from the start
(van der Sluys et al. 2005a).
Because the core material is exposed early on (e.g., at an orbital period shorter
than ∼20 min for the helium burning systems, Nelemans et al. 2010), and the core is
homogeneous due to convection during its burning stages, the chemical composition
is expected not to change with increasing orbital period, and therefore the same for
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FIGURE 5.13: Surface abundances of helium versus carbon (black squares) and oxy-
gen (white triangles) for donors in the helium-star channel at the present time in the
case of a sufficiently narrow star formation history. These correspond to the core
abundances at the end of the tracks by Nelemans et al. (2010). The surface area of a
symbol is proportional to the number of systems in the corresponding track.
the total and the observable population.
5.3.5 COLLECTIVE EMISSION AS FUNCTION OF ORBITAL PERIOD
Even though variability behavior determines the number of UCXBs in outburst and
their luminosity, the collective luminosity of all UCXBs at a given orbital period is in
principle not dependent on variability, because the time-averaged mass transfer rate
of an UCXB is a relatively straightforward function of orbital period. During the evo-
lution of an UCXB, its evolutionary timescale increases with age and orbital period.
This means that there exist many more systems at longer orbital period. On the other
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hand the time-averaged mass transfer rate decreases with age and orbital period, so
a long-period source has a lower time-averaged luminosity. The total energy output
of a source, or of the population as a whole (under the assumption of a constant star
formation rate), at a given orbital period is an indication of at which orbital periods
systems are likely to be observed.
The amount of energy emitted by an UCXB per unit orbital period is given by
dE
dPorb
=
L
P˙orb
=−GMa
2Ra
dMd
dPorb
(5.5)
where E is the emitted energy and Md the donor mass. This relation is illustrated
in Fig. 5.14. The donor mass decreases much faster at shorter orbital periods (Md ∝
P−1.3orb (van Haaften et al. 2012b, Chapter 2), i.e., dMd/dPorb ∝ P
−2.3
orb ), and since the
donor mass is the fuel for the luminosity, systems emit much more energy at short
orbital periods, not only per time interval (their luminosity) but also per orbital period
interval. For instance, an UCXB will emit ∼ 12 times as much energy during its
evolution from 20 to 21 min as it does between 60 and 61 min. The consequence
is that the short-period systems dominate the collective X-ray output of an UCXB
population, unless the star formation rate decreases very fast. Depending on the
variability of systems and the sensitivity of the instrument used, this could very well
result in short-period systems dominating the visible population.6
5.4 DISCUSSION
We predict ∼ 1.9× 105 of UCXBs in the Galactic Bulge, predominantly at orbital
periods of & 70 min, but also a few thousand systems with orbital periods shorter
than 60 min (but mostly longer than 40 min). Based on RXTE ASM observations,
about 40− 80 of these sub-hour UCXBs should be visible at high luminosities of
& 1035 erg s−1 (Fig. 5.10), depending on the star formation history. Also, ∼35−50
bright UCXBs with orbital periods. 30 min (i.e., persistent) should be visible above
such a luminosity based on gravitational energy release and the disk instability model
(Figs. 5.11 and 5.12).7
6Not to be confused with the known population, which is composed by individual observations at
different times. In the known population, long-period systems will eventually dominate provided they
can be seen during outbursts
7The observed UCXBs with orbital periods around 20 min are not clearly detected by ASM most of
the time, even though they are predicted to be persistent by the disk instability model. Incorporating the
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FIGURE 5.14: Energy released per unit interval of orbital period for an UCXB with
a zero-temperature helium white dwarf donor and a 1.4 M neutron star accretor or
a 10 M black hole accretor. Note that the quantity on the vertical axis should not
be interpreted as a luminosity; the time unit represents change in orbital period rather
than passing time.
The combined common-envelope parameter αCEλ for massive stars may be lower
than the value of 2 that we used (Voss & Tauris 2003). Decreasing this value to 0.2, as
well as using a Maxwellian kick velocity distribution with a dispersion of 450 km s−1,
rather than the distribution by Paczyn´ski (1990), would reduce the number of UCXBs
formed by a factor of ∼8, as fewer systems will survive the common-envelope stage
or the supernova explosion. In that case, the total number of UCXBs in the Bulge
we predict is ∼2×104, and the number of bright systems becomes ∼5−10. Table
5.1 shows the number of UCXBs in our model for various combinations of common-
fact that they are bright less than 100% of the time, the predicted number of bright systems becomes
lower, depending on the precise luminosity distribution of these systems.
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envelope efficiency and neutron star kick velocity distribution. Furthermore, the slope
of the initial mass function at high stellar mass is also uncertain. A steeper slope (re-
sulting from earlier studies such as Kroupa et al. 1993) leads to a smaller fraction of
massive stars and therefore fewer UCXBs. A different choice for the initial compo-
nent mass pairing may also reduce the number of UCXBs by an order of magnitude
(Belczynski & Taam 2004a).
TABLE 5.1: Size of the modeled UCXB population in the Galactic Bulge for different
model parameters.
αCEλ Kick distribution Number of UCXBs (× 104)
2 Paczyn´ski 19
2 Maxwellian 14
0.2 Paczyn´ski 4
0.2 Maxwellian 2
We can distinguish several disagreements with observations. First, no UCXBs
with orbital periods longer than 60 min have been discovered, faint or bright, in the
Bulge or elsewhere. Second, no bright UCXBs with a short orbital period (. 30 min)
have been identified in the Galactic Bulge. Third, only three UCXBs with orbital
periods between 40 and 55 min, XTE J1807–294 (Markwardt et al. 2003a), XTE
J1751–305 (Markwardt et al. 2002) and SWIFT J1756.9–2508 (Krimm et al. 2007),
are presumably located in the Bulge, based on their positions in the sky, as their
distances are not known.
As for the predicted ∼1.9× 105 long-period systems, the probable existence of
three observed UCXBs with orbital periods shorter than 55 min in the Bulge can be
used to calibrate the formation rate of UCXBs, independent of population synthesis.
This yields a much larger number of UCXBs than three for systems with a period
longer than 55 min, based only on the rapid increase of the evolutionary timescale
(set by gravitational wave radiation) with orbital period. For instance, UCXBs are
expected to reach an orbital period of 55 min within ∼2 Gyr after the onset of mass
transfer (van Haaften et al. 2012b, Chapter 2).
Even though the disk instability model predicts these long-period systems to be
in outburst so rarely that few are expected to be bright, in quiescence they would still
be detectable by sensitive instruments at ∼1031−33 erg s−1 (e.g. Bildsten & Rutledge
2001; Heinke et al. 2003; Belczynski & Taam 2004b).
The three observed UCXBs that are located in the direction of the Bulge have
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undetermined donor compositions, though SWIFT J1756.9–2508 is thought to have
helium composition (Krimm et al. 2007). This cannot be used to constrain the star
formation history, as UCXBs with helium white dwarf donors can form with a wide
range of delay times.
5.4.1 COMPARISON WITH PREVIOUS STUDIES
Belczynski & Taam (2004a) performed a population synthesis study of (primordial)
UCXBs in the Galactic disk. The main difference between their and our results is
that they found a total of 478 UCXBs with orbital periods shorter than 80 min in
the disk at the present epoch, about three orders of magnitude fewer than our result,
per unit star forming mass. It is not clear what causes this discrepancy, although
these authors use different initial binary parameters than we do (Appendix 5.A), for
example a steeper high-mass slope in the initial mass function that leads to fewer
massive stars, relatively. Also, their initial primary masses leading to UCXBs span
a narrower range. Of all UCXBs in their simulation, about 20% have a black hole
accretor, all of which form via the accretion-induced collapse of a neutron star. This
percentage strongly depends on the assumed upper mass of a neutron star (2 M),
the mass retention efficiency of the accreting neutron star and the evolutionary stage
at which the common envelope happens. As in our study, these authors did not find
any (surviving) UCXBs with a black hole that was formed directly in the collapse of
a massive star. They found that about 90% of the neutron star accretors form via the
accretion-induced collapse of an oxygen-neon-magnesium white dwarf, a scenario
our model does not produce. In our simulations, 81% of the UCXBs start mass trans-
fer from a helium burning donor, compared to 40% in Belczynski & Taam (2004a)
for the Galactic field. This is not unreasonable given the uncertainties in e.g. the on-
set of mass transfer from a white dwarf, and differences in assumptions between both
studies. The number of persistent sources predicted by the disk instability model de-
pends sensitively on the orbital period separating the persistent and transient sources,
because most of the predicted persistent sources have orbital periods only slightly
shorter than this critical period. Details in accretion disk models (e.g. X-ray irradi-
ation) and composition can make a large difference. We predict about 0.02% of the
UCXBs to be persistent (Sect. 5.3.3.2), a much smaller fraction than found by Bel-
czynski & Taam (2004a) (2.2%), but their number applies to the Galactic disk, which
has a several orders of magnitude higher ongoing star formation rate, and therefore
more young UCXBs, which have short orbital periods.
Our number of persistently bright UCXBs (35− 50 from the disk instability
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model, using our standard parameters) can also be compared with the number of per-
sistent UCXBs with white dwarf donors (600−900) predicted by Zhu et al. (2012a)
for the whole Galaxy, if one takes into account the difference in adopted cut-off
donor mass for persistent behavior. These authors found that UCXBs with donor
masses lower than 0.03 M are transient whereas our limit lies around 0.02 M. Us-
ing their limit, our estimate would reduce to roughly ten, which scales within a factor
of a few with their number given the stellar mass ratio between Bulge (1×1010 M)
and Galaxy (an additional 4− 6 × 1010 M in the Disk, Klypin et al. 2002).8 The
overprediction of bright, persistent UCXBs is therefore not unique to our study.
Recently, Zhu et al. (2012b) performed a population synthesis study of Galac-
tic UCXBs with neutron star accretors, and predicted 5− 10 × 103 systems in the
Galaxy, depending strongly on neutron star birth kicks. As in our study, the helium
burning donor channel was the most common. Notable differences with our work
are that these authors found a large number of UCXBs with a carbon-oxygen white
dwarf origin, and a peak in the orbital period distribution near 40 min.
5.4.2 OVERPREDICTION OF UCXBS WITH LONG ORBITAL PERIOD
An important clue towards what may happen at long periods comes from the long-
term ASM data. The reason for the difference in predictions by the ASM and disk
instability model (Sect. 5.3.3) lies in the ASM observations that the UCXBs with
orbital periods 40− 55 min are approximately two orders of magnitude brighter
than theoretically expected from the time-averaged mass transfer rate, assuming mass
transfer is driven exclusively by gravitational wave radiation in a binary with a (semi-
)degenerate donor (van Haaften et al. 2012c, Chapter 4).9 Assuming that the observed
systems have been displaying normal behavior during the 16 years of RXTE observa-
tions, additional angular momentum loss besides that from gravitational wave radia-
tion would cause a higher mass transfer rate at the same orbital period, and therefore
a higher time-averaged luminosity (see also Ruderman et al. 1989b). As mentioned in
Sect. 5.2.4, an efficient physical mechanism for additional loss of angular momentum
from the system is a wind from the donor, induced by irradiation from the accretion
disk or millisecond pulsar. In black widow systems, which host a millisecond pulsar
and a low-mass (. 0.2 M) companion in a < 10 hr orbit (King et al. 2005), such
8Zhu et al. (2012a) found a much larger number of UCXBs with a helium burning donor than our
study, but this is expected given the large difference in recent star formation between Bulge and Disk.
9These ASM luminosities are direct observations, unrelated to the extrapolations of the curves
shown in Fig. 5.5 and discussed in Sect. 5.3.3.
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donor evaporation has been observed (e.g. Fruchter et al. 1988). This scenario has
also been proposed to be happening to the unusually light (∼ 10−3 M) detached
companion to the millisecond pulsar PSR J1719–1438 (Bailes et al. 2011) via either
the white dwarf or helium burning donor channels (van Haaften et al. 2012a, Chap-
ter 3) or the evolved main sequence donor channel (with an orbital period minimum
at ∼ 45 min, Benvenuto et al. 2012), though the latter scenario does not produce a
carbon-oxygen rich donor.
The recently discovered spin-powered millisecond gamma-ray pulsar PSR J1311–
3430 system (Pletsch et al. 2012), with an orbital period of 93.8 min (Romani 2012;
Kataoka et al. 2012) and an evaporating helium donor (Romani et al. 2012) sup-
ports the hypothesis that UCXB evolution is strongly influenced by donor evapora-
tion. Given the low hydrogen abundance, donor evaporation, orbital period, pulsar
spin period, and minimum companion mass, PSR J1311–3430 could very well be
an UCXB descendant on its way to becoming a millisecond radio pulsar system like
PSR J1719–1438.
The non-detection of UCXBs with periods longer than∼60 min, when the donor
is still expected to be much more massive than the companion in PSR J1719–1438,
suggests the existence of another mechanism that hides UCXBs with low donor
masses and low mass transfer rates (the 60 min limit is uncertain due to the small
observed sample). The propeller effect (Sect. 5.2.4) is the most promising mech-
anism to explain this non-detection. The rotational energy of the millisecond pul-
sar is sufficient to make long-period UCXBs with very low mass transfer rates (∼
10−13 M yr−1) much fainter, since it causes arriving matter to be unbound (van
Haaften et al. 2012b, Chapter 2). The propeller effect could still allow for a (very)
low rate of accretion that would prevent radio emission and make the sources visible
in the ultraviolet (owing to their low disk temperatures and possibly disturbed inner
accretion disks). Furthermore, radio emission from a millisecond pulsar itself, once
switched on after an interruption in mass transfer, is capable of preventing accretion
(Burderi et al. 2001; Fu & Li 2011).
Using the Chandra X-Ray Observatory (Weisskopf et al. 2002), the Galactic
Bulge Survey has found 1234 X-ray sources in 8.3 deg2 (Jonker et al. 2011) so
far, most of which have not yet been identified. Although many are expected to
be foreground Cataclysmic Variables or non-ultracompact X-ray binaries, this num-
ber of systems found in approximately 5% of the total area of the Bulge on the sky
is at least consistent with a large population of faint X-ray binaries. Also, a poten-
tially large population of sub-luminous X-ray transients with neutron star accretors
exists near the Galactic Center (Sakano et al. 2005; Wijnands et al. 2006; Dege-
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naar & Wijnands 2009, 2010). These systems have (intrinsic) peak luminosities near
∼1034−35 erg s−1 (in the 2−10 keV range), and may include UCXBs, although the
disk instability model predicts peak luminosities & 1037 erg s−1 for UCXBs. King
& Wijnands (2006) found that the luminosities of some very faint X-ray transients
imply mass transfer rates of ∼10−13 M yr−1, which is consistent with the behavior
of old UCXBs.
The additional angular momentum loss increases the time derivative of the orbital
period, and as a result the actual number of systems at long periods in our prediction
based on only gravitational wave radiation (Figs. 5.8 and 5.9) should be reduced by
two orders of magnitude.
5.4.3 OVERPREDICTION OF UCXBS WITH SHORT ORBITAL PERIOD
Since UCXBs with an orbital period shorter than ∼30 min are expected to be per-
sistently bright, our overprediction of these binaries (∼5− 50 systems based on the
disk instability model, depending on assumptions in the model, is about one order of
magnitude more than the three observed Bulge UCXBs) can have several causes: the
population synthesis model produces too many UCXBs, fewer UCXBs survive the
onset of mass transfer, or short-period UCXBs are bright less than 100% of the time.
It is uncertain whether the white dwarf donor mass limit of 0.38 M for isotropic
re-emission (based on the zero-temperature mass-radius relation and a consideration
of the energy necessary to eject matter) should be used as the threshold for the sur-
vival of a system. A different assumption in the details of the hydrodynamics of the
onset of mass transfer could result in either a lower or a higher limit. However, the
number of surviving white dwarf donors is not very sensitive to small changes in the
isotropic re-emission limit because of the small number of donors around this value
(Fig. 5.2). On the other hand, due to the sensitivity of this donor mass limit to the
actual and critical mass transfer rates (van Haaften et al. 2012b, Chapter 2), the num-
ber of surviving UCXBs could be significantly smaller if the isotropic re-emission
efficiently is less than unity, which seems plausible. However, systems could sur-
vive a mass transfer rate exceeding the isotropic re-emission limit if an UCXB with
a ∼2 min orbital period is able to survive a few hundred years (∼108 orbits) with a
significant amount of matter orbiting in and around the binary, perhaps in a circumbi-
nary ring (Soberman et al. 1997; Ma & Li 2009) that would be removed at a later
stage. The value of isotropic re-emission limit can be tested only using short-period
UCXBs, because for those the white dwarf donor channel is expected to dominate. In
the total population (mostly long-period systems), the helium donor channel is more
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important. This channel does not experience the high mass transfer rates that charac-
terize the onset of mass transfer from a white dwarf donor. Near the period minimum
the mass transfer rate remains below approximately three times the Eddington limit
(Fig. 5.4)
Even though Fig. 5.7 shows that the contribution of the helium-star channel dom-
inates, its importance has not been established observationally yet, as no detached
(short orbital period) helium star–neutron star binaries have been discovered so far
(Nelemans et al. 2010). If helium burning stars would turn into white dwarfs before
the onset of Roche-lobe overflow, over 90% would be unable to survive as a binary
system.
Given these uncertainties, our overprediction by approximately one order of mag-
nitude may simply be a consequence of poorly known parameters in our simulation,
and in this case no problematic discrepancy between our results and X-ray observa-
tions would remain.
5.4.4 CONSEQUENCES FOR THE POPULATION OF MILLISECOND
RADIO PULSARS
If mass transfer would cease completely in most old UCXBs as suggested by the ex-
istence of PSR J1719–1438, then a fraction of the neutron stars they harbor would
become visible to us as (binary) millisecond radio pulsars for several gigayears. The
same is probably true for UCXBs in environments closer to us than the Bulge. The
number of isolated or binary millisecond radio pulsars in the Bulge suggested by
the number of UCXBs with & 70 min periods we predict in our standard model, af-
ter correcting for the factor of ten overestimation in the UCXB birth rate identified
above, is about 2× 104, assuming the pulsars have not yet turned off as a result of
spinning down. The estimated Galactic population of millisecond pulsars, based on
the observed population, is 4× 104 (Lorimer 2008). Of the known Galactic Disk
population (i.e., excluding globular clusters) of ∼ 100 radio pulsars with spin peri-
ods shorter than 10 ms, about 60% have a companion too massive to be consistent
with late-time UCXB evolution, based on the ATNF Pulsar Catalogue10 in January
2013 (Manchester et al. 2005). (These have descended from hydrogen-rich low-mass
and intermediate-mass X-ray binaries, Bhattacharya & van den Heuvel 1991; Tauris
2011.) Extrapolating this to the estimated Galactic population, ∼2×104 millisecond
pulsars are left that have no or a very low-mass companion, roughly the same num-
10http://www.atnf.csiro.au/people/pulsar/psrcat/
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ber we predict from UCXBs for the Bulge alone (after normalizing the number of
short-period UCXBs).
It seems likely that millisecond pulsars have evaporated their companion entirely
and are left as isolated millisecond pulsars given the reasonable match between the
predicted number of old UCXBs and the number of isolated millisecond radio pul-
sars, combined with the very small number of observed millisecond radio pulsars
with companions with masses lower than 0.01 M. Alternative formation channels
for isolated millisecond pulsars are spin up of a neutron star by a disrupted white
dwarf companion (van den Heuvel 1984), and disruption of a millisecond pulsar bi-
nary during the supernova explosion of the donor star in a high-mass X-ray binary
(e.g. Camilo et al. 1993). The number of neutron star–white dwarf mergers, however,
seems too high to be consistent with the number of isolated millisecond pulsars that
have formed. Based on Fig. 5.2, merging systems are much more common than sur-
viving UCXBs, also after including UCXBs from the helium burning donor channel
(see also Iben et al. 1995). On the other hand, the number of millisecond pulsars
that lose their companions when it explodes as a supernova seems too small to be re-
sponsible for a large fraction of the isolated millisecond pulsars (Burgay et al. 2003;
Belczynski et al. 2010) – moreover the high-mass donor star may not live long enough
to spin up the neutron star to a spin period shorter than ∼10 ms.
5.5 SUMMARY AND CONCLUSIONS
We modeled the present-day population of primordial ultracompact X-ray binaries in
the Galactic Bulge with the purpose of gaining insight in their formation and evolu-
tion. Both binary evolution and accretion physics determine the observable popula-
tion, and we attempted to disentangle these in this study. We considered three main
formation channels: systems that start Roche-lobe overflow by a white dwarf donor, a
helium burning donor or an evolved main sequence donor. Our simulations have not
produced UCXBs containing a black hole, because most systems with a very massive
primary merge during unstable mass transfer, and the small number that remains is
expected to merge during the onset of mass transfer from a relatively massive white
dwarf to the black hole. Thus, all UCXB systems in our simulations have a neutron
star accretor.
The vast majority of UCXBs form via the helium burning donor channel (81%) or
the white dwarf donor channel (18%), and therefore their exposed cores are expected
to show either carbon and oxygen in their spectra, or helium, as well as small amounts
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of other reaction products. These two channels differ in the delay time between the
zero-age main sequence and the onset of Roche-lobe overflow to the neutron star.
In the white dwarf channel this delay can be as long as the age of the Universe or
more (though for most systems it is less than a few gigayears), whereas in the helium
burning channel the delay is less than 1 Gyr.
The size and characteristics of the present-day population are only marginally
dependent on the assumed width, σ , of the Gaussian distribution describing the star
formation history if this value is . 1 Gyr. This is because these values of σ are
small compared to the age of a 10 Gyr old system. A broad star formation history al-
lows for recent star formation and short orbital period UCXBs with a helium burning
donor origin, because of their short delay time. With a narrow star formation history,
short-period UCXBs must have a white dwarf origin and therefore can have helium
composition.
Very short period UCXBs can have a helium or carbon-oxygen white dwarf
donor, since these must have formed recently. Recent UCXB formation is dominated
by the white dwarf donor channel, even for σ = 2.5 Gyr.
The number of predicted systems with orbital periods shorter than ∼ 30 min is
particularly important, since those systems are probably observable as persistently
bright sources, and therefore well suited to test and calibrate the simulations. We
predict about 40 bright sources, mostly of helium and carbon-oxygen composition
and with orbital periods shorter than 30 min. The UCXBs with the shortest periods
(. 20 min) are more likely to have helium composition. The observed number of
bright UCXBs is about ten times smaller than suggested by our model, which reflects
the uncertainties in the adopted star formation history, initial binary parameters, natal
kick velocities of neutron stars, common-envelope parameters and the onset of mass
transfer to a neutron star accretor.
We predict about (0.2−1.9)×105 UCXBs in the Galactic Bulge, and we stress
that such a large population is necessary based on the simple argument that the evo-
lutionary timescale of UCXBs increases rapidly towards longer orbital periods, and
therefore the observed number of short-period UCXBs, in the Bulge and also in the
Galactic Disk, implies several orders of magnitude more UCXBs at long orbital pe-
riods (> 60 min). With different model assumptions, this number could be up to an
order of magnitude lower.
Irradiation of the donor star by the neutron star and accretion disk strongly influ-
ences UCXB evolution, at least at orbital periods longer than 40 min. These systems
evolve much faster, probably by ∼100 times, than they would if their evolution was
driven exclusively by angular momentum loss via gravitational wave radiation, as as-
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sumed in this chapter. UCXBs with orbital periods longer than 1 hr have not been
detected yet, which implies that, if existent, these systems are very faint in all electro-
magnetic bands (and therefore cannot be considered true X-ray binaries). We suggest
that the majority of these systems have orbital periods on the order of 1.5− 2.5 hr
rather than the ∼1.3 hr expected from gravitational wave driven evolution. Further-
more we expect that the neutron stars have companions with masses much lower than
0.01 M, and could very well have evaporated their companions entirely, being left
as isolated millisecond pulsars.
In Chapter 6 we will model the population of hydrogen-rich low-mass X-ray
binaries in the Galactic Bulge.
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5.A BINARY INITIAL MASS FUNCTION AND NORMALIZA-
TION OF THE SIMULATION
In the initial binary system, the more massive component is called the primary. We
use primary-constrained pairing to construct ‘zero-age’ binaries (Kouwenhoven et al.
2008). The primary masses Mprimary of the zero-age main sequence binaries are
drawn from the stellar initial mass function (IMF) of primaries in massive star clus-
ters that we derive from the results by Kroupa (2001), where M is the stellar mass and
0.08≤M/M ≤ 100. The mass ratio 0 < Msecondary/Mprimary ≤ 1 of the components
is subsequently drawn from a constant distribution (Kraicheva et al. 1989; Hogeveen
1992) – secondary masses lower than 0.08 M are accepted. The eccentricity e distri-
bution is proportional to e between 0 and 1, and the semi-major axis a distribution is
inversely proportional to a (Popova et al. 1982; Abt 1983), up to 106 R (Duquennoy
& Mayor 1991) – the lower limit is set by the requirement that the initial stellar radii
fit inside the circularized orbit.
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SIMULATION
The specific binary fraction as a function of M is given by the observationally
practical definition (Reipurth & Zinnecker 1993; Kouwenhoven et al. 2009)
B(M)≡ Nbinary(Mprimary = M)
Nsingle(M)+Nbinary(Mprimary = M)
=
Nbinary(Mprimary = M)
IMF(M)
(5.6)
where Nsingle(M) is the distribution of single stars of mass M, Nbinary(Mprimary = M)
the distribution of binary systems containing a primary of mass M, and IMF(M)
the IMF of systems (single stars and multiple systems combined) by Kroupa (2001).
Based on observations summarized in Kouwenhoven et al. (2009); Kraus & Hillen-
brand (2009); Sana et al. (2012) we approximate
B(M) =
1
2
+
1
4
log10(M) (0.08≤M/M ≤ 100) (5.7)
where we assume all multiple systems to be binaries. Equation (5.6) can be separated
as
Nbinary(Mprimary = M) ∝B(M) IMF(M),
Nsingle(M) ∝ [1−B(M)] IMF(M).
(5.8)
It follows that single stars are more common than binary systems; there are 1.6 single
stars for each binary system. The mass per binary system including the corresponding
single stars (which can be a fractional number) is given by
MT =
1
B(Mprimary)
Mprimary+Msecondary, (5.9)
and the average star forming mass for each binary system formed (i.e., including
mass from single stars) by
M¯T =
∫ 100 M
0.08 M
(
1+
B(M)
2
)
IMF(M)MdM ≈ 1.9 M (5.10)
(the factor 1/2 appears because the average secondary mass is equal to half of the
average primary mass for the chosen constant mass ratio distribution). This number
is the sum of the average primary mass (0.86 M),11 the average secondary mass
(0.43 M) and the corresponding average mass in single stars per binary system
11This value is higher than the average mass of 0.57 M of the IMF by Kroupa (2001) because single
stars are excluded.
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(0.64 M). A lower limit of 0.1 M increases the average mass per binary by∼12%.
Overall two-thirds of the star-forming mass is in binaries. The total number of bina-
ries that forms in the Galactic Bulge is normalized using the total number of stars∫ 100 M
0.08 M
Nbinary(M)dM =
1×1010 M
M¯T
≈ 5.2×109. (5.11)
Of all primaries, 1.3% have a mass higher than 8 M. For these masses, the power-
law slope of the primary IMF (defined over linear mass intervals), from which we
draw primary masses, varies between−2.15 (for M= 8 M) and−2.2 (M= 100 M),
compared to the estimate of −2.3 by Kroupa (2001) for the combined IMF of single
stars and primary components. The IMF of primary components Nbinary(Mprimary =
M) is flatter than the IMF of systems IMF(M) because Eq. (5.7) is an increasing func-
tion (most low-mass stars are single whereas massive stars are usually in binaries).12
The IMF for single stars only is steeper than −2.3 and steepens towards high mass.
12A non-zero mass-independent binary fraction leads to an IMF of all stars combined that is steeper
than the IMF of systems (Sagar & Richtler 1991; Scalo 1998; Kroupa 2001). This does not affect our
method as we only consider the IMF of all primary components.
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POPULATION SYNTHESIS OF
CLASSICAL LOW-MASS X-RAY
BINARIES IN THE GALACTIC BULGE
L. M. van Haaften, G. Nelemans, R. Voss, M. V. van der Sluys, & S. Toonen
To be submitted to Astronomy & Astrophysics
ABSTRACT
Aims. We model the present-day population of ‘classical’ low-mass X-
ray binaries (LMXBs) with neutron star accretors, which have hydrogen-
rich donor stars. Their population is compared with that of hydrogen-
deficient LMXBs, known as ultracompact X-ray binaries (UCXBs). We
predict the observable LMXB population and compare it to observations.
We model the Galactic Bulge because it contains a well-observed popu-
lation and it is the target of the Galactic Bulge Survey.
Methods. We combine the binary population synthesis code SeBa with
detailed LMXB evolutionary tracks to model the size and properties
of the present-day LMXB population in the Galactic Bulge. Whether
sources are persistent or transient, and what their instantaneous X-ray
luminosities are, is predicted using the thermal-viscous disk instability
model.
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Results. We find a population of ∼2.1×103 LMXBs with neutron star
accretors. Of these about 15−40 are expected to be persistent (depend-
ing on model assumptions), with luminosities higher than 1035 erg s−1.
About 7−20 transient sources are expected to be in outburst at any given
time. Within a factor of two these numbers are consistent with the ob-
served population of bright LMXBs in the Bulge. This gives credence
to our prediction of the existence of a population of ∼1.6×103 LMXBs
with low donor masses that have gone through the period minimum, and
have present-day mass transfer rates below 10−11 M yr−1.
Conclusions. Even though the observed population of hydrogen-rich
LMXBs in the Bulge is larger than the observed population of (hydrogen-
deficient) UCXBs, the latter have a higher formation rate. While UCXBs
may dominate the total LMXB population at the present, the majority
would be very faint, or may have become detached and produced mil-
lisecond radio pulsars. In that case UCXBs would contribute signifi-
cantly more to the formation of millisecond radio pulsars than hydrogen-
rich LMXBs.
6.1 INTRODUCTION
Low-mass X-ray binaries (LMXBs) are binaries in which a star with a mass below
∼ 1.5 M transfers mass via Roche-lobe overflow to a neutron star or black hole
companion (e.g. van den Heuvel 1975; Joss & Rappaport 1979). The bifurcation
period separates zero-age main sequence LMXBs with expanding orbits and long
orbital periods, in which mass transfer is driven by donor evolution, from LMXBs
with shrinking orbits, in which mass transfer is driven by angular momentum loss
via magnetic braking and gravitational wave radiation (Tutukov et al. 1985; Pylyser
& Savonije 1988, 1989). In the first group of ‘diverging’, long-period systems, the
donor star will eventually become a detached white dwarf after its (sub-)giant pro-
genitor has lost almost all of its envelope (Webbink et al. 1983). In the ‘converging’
systems, however, the donor loses most of its mass before it has developed a helium
core. Convection turns the donor into a homogeneous mixture of hydrogen and he-
lium, where the ratio between both elements depends on the evolutionary stage at the
time hydrogen burning was extinguished (e.g. Tutukov et al. 1985).
Similar to cataclysmic variables, the orbital periods of the bulk of the converging
LMXBs shrink until a period minimum of∼70−80 min (Paczyn´ski 1981; Paczyn´ski
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& Sienkiewicz 1981; Rappaport et al. 1982), where the donor reaches a maximum
average density, and later it becomes degenerate. In the case of sufficiently evolved
cores, the period may continue to shrink to ∼40 min (Nelson & Rappaport 2003) or
even∼5−10 min (Tutukov et al. 1985; Podsiadlowski et al. 2002; van der Sluys et al.
2005a). Systems subsequently slowly expand towards longer orbital periods. Stable
mass transfer continues to decrease the donor mass, and irradiation of the donor by
the accretor and the accretion disk becomes important in driving mass transfer and
generating a wind from the donor (Ruderman et al. 1989b).
In both the converging and diverging systems, neutron star accretors can be re-
cycled to spin periods of a few milliseconds. If accretion stops, systems can become
binary millisecond radio pulsars, as has been observed in the 4.75 hr binary FIRST
J102347.67+003841.2 (Archibald et al. 2009). The observed evaporation process
suggests the possibility that ‘black widow’ systems may turn into isolated millisec-
ond radio pulsars (Ruderman et al. 1989a; Fruchter et al. 1988).
In this study we estimate the number of ‘classical’ (hydrogen-rich) LMXBs in the
Galactic Bulge, and compare the results to observations of bright LMXBs, as well as
with earlier population synthesis studies. Furthermore, we compare the results with
the population of ultracompact X-ray binaries (UCXBs) in the Bulge modeled by van
Haaften et al. (2013, hereafter vH13, Chapter 5), and to results by the Galactic Bulge
Survey (Jonker et al. 2011).
6.2 METHOD
We use the binary population synthesis code SeBa (Portegies Zwart & Verbunt 1996;
Nelemans et al. 2001; Toonen et al. 2012) to simulate the primordial Galactic Bulge
binary population, and select all binaries containing a neutron star and a main se-
quence star. We use a combined common-envelope parameter αCEλ = 2 for massive
stars (e.g. Portegies Zwart & Yungelson 1998). In Sect. 6.4 we also consider the ef-
fect of using a lower value. The initial mass function of the primary components is
derived by combining the initial mass function for stellar systems (Kroupa 2001) with
the binary fraction as a function of mass. The mass ratios of the secondary and pri-
mary components follow a uniform distribution between 0 and 1, and the eccentricity
e is drawn from a distribution proportional to e between 0 and 1. The semi-major
axis a distribution is inversely proportional to a (Popova et al. 1982), with a lower
limit determined by the stellar radii, and an upper limit of 106 R (Duquennoy &
Mayor 1991). The kick velocities imparted on neutron stars during their formation
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are drawn from the distribution by Paczyn´ski (1990) with a dispersion of 270 km s−1.
For more details on the initial binary parameters, we refer to vH13.
For the subsequent evolution we use the low-mass X-ray binary tracks described
in van der Sluys et al. (2005a), a selection of which is shown in Fig. 6.1. These
tracks describe the evolution of binaries starting with a neutron star accretor and a
zero-age main sequence donor. The tracks cover a grid of initial donor masses and
orbital periods. The donor masses range from 0.7 to 1.5 M with steps of 0.1 M.
The initial orbital periods range from 0.5 to 2.75 days, with steps of 0.25 days, but
with 0.05 days steps near the bifurcation period.
In Fig. 6.1, the orbital periods have shrunk before the systems start mass transfer.
The two tracks on the right-hand side show LMXBs that diverge, and ultimately be-
come detached. The three tracks on the left-hand side represent converging systems,
which go through a period minimum. Among the converging systems, the lowest
period minimum is reached by systems with the longest initial period, as long it lies
below the bifurcation period.
The orbital evolution of the binary is initially predominantly driven by magnetic
braking of the main sequence star. We calculate the angular momentum loss rate
using the formula by Rappaport et al. (1983). A metallicity Z = 0.02 is used in SeBa.
The LMXB tracks use Z = 0.01, but the evolution is very similar for Z = 0.02 (van
der Sluys et al. 2005a).
Following vH13, we approximate the star formation history of the Galactic Bulge
by a Gaussian distribution with a mean µ =−10 Gyr (the present time is defined as
0) and a standard deviation σ of either 0.5 or 2.5 Gyr, in order to model both burst-
like and extended star formation. For the total star forming mass we take 1×1010 M
(Clarkson & Rich 2009; Wyse 2009).
The X-ray luminosity of a system is calculated from its mass transfer rate using
LX = ηbol
GMaM˙a
2Ra
, (6.1)
where ηbol ≈ 0.55 is the bolometric correction (following Belczynski et al. 2008), Ma
is the accretor mass, Ra is the accretor radius, and G the gravitational constant. We
use the thermal-viscous disk instability model (see e.g. the review by Lasota 2001)
to decide which of our modeled sources are transient and which are persistent at the
present. Sources do not have a stable disk if their mass transfer rates are below the
critical value M˙crit for irradiated accretion disks derived by Dubus et al. (1999), in the
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FIGURE 6.1: Sample of tracks showing the mass transfer rate against orbital period
for LMXBs with initial donor masses of 1 M. The complete grid covers a range
of initial orbital periods between 0.5 and 2.75 days (12− 66 hr, indicated by the
horizontal bar) (van der Sluys et al. 2005a).
form given by in’t Zand et al. (2007)
M˙crit ≈ 5.3×10−11 f
(
Ma
M
)0.3 (Porb
hr
)1.4
M yr−1 (6.2)
where Porb is the orbital period and f is a scale factor depending on the disk com-
position; f ≈ 1 for solar-composition disks and f ≈ 6 for helium disks. Systems
with unstable accretion disks are expected to be transient sources, which show out-
bursts separated by (much longer) quiescent phases. The luminosity during outbursts
is given by Eq. (6.1) with M˙a = M˙crit. The luminosity is assumed to be zero during
quiescence. Therefore, the duty cycle is equal to the ratio of the time-averaged mass
transfer rate and the mass transfer rate during outburst. If sources have mass trans-
151
CHAPTER 6 : POPULATION SYNTHESIS OF LMXBS IN THE GALACTIC BULGE
fer rates higher than the critical value, we assume they are persistent X-ray sources
with X-ray luminosities given by Eq. (6.1) based on their time-averaged mass transfer
rates.
We do not model LMXBs with black hole accretors, because it is very unclear
how they are formed (Portegies Zwart et al. 1997; Kalogera 1999; Podsiadlowski
et al. 2003; Justham et al. 2006; Yungelson et al. 2006), and in particular how the
binary system remains bound during the formation of the black hole, given the low
mass of the companion. Additionally, all observed black hole LMXBs are transient
and therefore we cannot compare our results to persistent systems.
6.3 RESULTS
6.3.1 THE TOTAL POPULATION OF LMXBS
The total number of LMXBs with neutron star accretors formed over the history of
the Galactic Bulge in our study is 7.6× 103. Of these, (2.0− 2.1)× 103 (for star
formation history width σ = 2.5 and 0.5 Gyr, respectively) are still X-ray binaries at
the present – all other systems have stopped transferring mass and have turned into
long-period detached white dwarf–neutron star binaries.
Figures 6.2 and 6.3 show the present population of ∼2×103 LMXBs in terms of
their orbital periods and time-averaged mass transfer rates, for the two star formation
history widths (Sect. 6.2). There are (1.5− 1.6)× 103 systems (for σ = 2.5 and
0.5 Gyr, respectively), three quarters of all LMXBs, with mass transfer rates below
10−11 M yr−1 and orbital periods shorter than 3 hr. These LMXBs have passed
through the orbital period minimum and have increasing periods at the present. The
donor stars in these systems are (semi-)degenerate and have masses below∼0.05 M.
The donor stars in systems that reach periods shorter than∼60 min have no hydrogen
in their cores and less than 10% hydrogen on their surface at the period minimum (van
der Sluys et al. 2005a).
Almost all LMXBs with orbital periods longer than ∼ 3 hr have mass transfer
rates above ∼ 10−11 M yr−1, and about three quarters of these are diverging sys-
tems. The solid lines in Figs. 6.2 and 6.3 separate the persistent and transient sources
according to the Disk Instability Model (Sect. 6.2). In Sect. 6.3.2 we will discuss this
in more detail.
The orbital period distributions of all present-day neutron star systems, both semi-
detached and detached, are shown in Figs. 6.4 and 6.5, again for two star formation
histories. The semi-detached systems (solid lines) are the same populations as shown
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FIGURE 6.2: Model distribution of present-day mass transfer rate versus orbital pe-
riod for hydrogen-rich LMXBs in the Galactic Bulge. White squares correspond to
0.4 or fewer LMXBs. The highest density in the figure is 102.7 ≈ 500 per pixel. The
black line shows the critical mass transfer rate for thermal-viscous disk instability,
given by Eq. (6.2) with Ma = 1.4 M and f = 1 (solar composition). The star forma-
tion history width σ = 0.5 Gyr.
in Figs. 6.2 and 6.3, combining all mass transfer rates. Of all LMXBs that have
formed in the history of the Bulge, about 78% are diverging systems. The major-
ity (∼80%) of present-day semi-detached systems (solid lines) have descended from
converging LMXBs. All modeled present-day detached systems (dashed lines) have
descended from diverging LMXBs, of which the donor envelope has been lost and
the core has been left as a helium or carbon-oxygen white dwarf. The orbital periods
of the white dwarf–neutron star systems are ∼6 hr or longer. The shortest-period de-
tached systems may have turned into UCXBs, if they have had enough time to shrink
their orbit, and if they remained stable during the onset of mass transfer (Yungelson
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FIGURE 6.3: Same as Fig. 6.2, except σ = 2.5 Gyr. The highest density in the figure
is 102.4 ≈ 250 per pixel.
et al. 2002; van Haaften et al. 2012b, Chapter 2).
The orbital periods of the LMXBs vary between about 20 min and 10 d, with a
peak around 2.5 hr. Depending on donor mass, the bifurcation period is in the range
0.8− 1.5 d. The long-period end of the LMXB distribution represents diverging
systems. The donor stars in present-day LMXBs in the Bulge originally had masses
lower than ∼1 M.
Figure 6.6 shows the time-averaged mass transfer rates of the neutron star LMXB
population. About 330 systems have time-averaged mass transfer rates exceeding
10−10 M yr−1, approximately 1% of the Eddington limit. The post-period mini-
mum systems have lower average mass transfer rates than the population of mostly
diverging, long-period systems.
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FIGURE 6.4: Orbital period distributions of the present-day populations of hydrogen-
rich LMXBs with neutron stars accretors (solid line), and LMXBs that have evolved
into detached white dwarf–neutron star systems (dashed line) in the Galactic Bulge.
The star formation history width σ = 0.5 Gyr.
6.3.2 THE OBSERVABLE POPULATION OF LMXBS
As discussed in Sect. 6.2, only the brightest and shortest-period sources in the mod-
eled population are persistent, while the remainder of the population experience out-
bursts, with a duty cycle that decreases towards longer orbital period and lower aver-
age mass transfer rate. At the present, the number of LMXBs in the persistent regime
is 37 for σ = 0.5 Gyr and 42 for σ = 2.5 Gyr, whereas the number of transient
LMXBs in outburst is 15 for σ = 0.5 Gyr and 20 for σ = 2.5 Gyr. Figures 6.7 and
6.8 show that almost all persistent systems have orbital periods in the range 0.3−10
hr and X-ray luminosities of 1035−37 erg s−1. The transient sources in outburst are
brighter on average than the persistent sources. The orbital periods of transients in
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FIGURE 6.5: Same as Fig. 6.4, except σ = 2.5 Gyr.
outburst lie in the range 0.5− 30 hr, with a peak near 2 hr, and their luminosities
lie between 1035.5 erg s−1 and the Eddington luminosity. The present-day observ-
able population, both the persistent and transient sources, are predominantly of the
converging type, especially for a narrow star formation history.
6.4 DISCUSSION
We predict the existence of ∼ 40 persistent LMXBs and, at any given time, ∼ 20
transient LMXBs in outburst in the Galactic Bulge. These numbers are not very
sensitive to the shape of the star formation history function.
However, the numbers of predicted persistent LMXBs (Sect. 6.3.2) are uncertain
for several reasons. There are uncertainties in the population synthesis and LMXB
tracks, but also in the disk irradiation (Dubus et al. 1999). The latter is important
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FIGURE 6.6: Time-averaged mass transfer rate distributions of the present-day pop-
ulation of hydrogen-rich LMXBs with neutron star accretors in the Galactic Bulge.
The star formation history width is σ = 0.5 Gyr (solid line) and σ = 2.5 Gyr (dotted
line).
because the critical lines in Figs. 6.2 and 6.3 coincide with relatively narrow bands of
LMXBs. For instance, increasing the critical mass transfer rate by a factor of 2 would
reduce the number of persistent sources by a factor of 2 to 4. A different critical mass
transfer rate would also affect the duty cycle of transient sources. If we use a lower
value for the combined common-envelope parameter αCEλ = 0.2 in SeBa, rather than
the value of 2 (Sect. 6.2), as well as a Maxwellian velocity distribution of the neutron
star kicks with a dispersion of 450 km s−1, the total number of LMXBs formed is
smaller by a factor∼2.7. The relative numbers of persistent and transient systems do
not change significantly.
Several population synthesis studies of LMXBs have been performed in the past.
Fragos et al. (2008) predicted ∼800 LMXBs with neutron star accretors with LX >
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FIGURE 6.7: Orbital period distributions of the present-day population of persistent
hydrogen-rich LMXBs with neutron star accretors in the Galactic Bulge (black lines),
as well as a snapshot in time of the transient population in outburst (gray lines). The
star formation history width is σ = 0.5 Gyr (solid lines) and σ = 2.5 Gyr (dashed
lines). Unlike the previous histograms, here the vertical scale is linear.
1036 erg s−1 in an elliptical galaxy (with an age similar to the Bulge), most of which
are persistent. The stellar mass of the modeled elliptical galaxy is nine times larger
than the stellar mass we use for the Bulge, therefore their estimate is equivalent to
∼ 90 LMXBs in the Bulge. We find a total of 18− 21 persistent LMXBs with lu-
minosities above this value in the Bulge, and at any given time another 14− 19 in
outburst (for σ = 0.5 and 2.5 Gyr, respectively), see Fig. 6.8. Hence, our number
of sources that is brighter than 1036 erg s−1 is a factor ∼2−3 smaller, per unit stel-
lar mass. Fragos et al. (2008) found most LMXBs with a period of ∼ 1 hr, with a
lower peak near 30 hr. This resembles the distribution in our Figs. 6.4 and 6.5 (solid
lines), which show peaks near 2 and 15 hr. Kiel & Hurley (2006), in their favored
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FIGURE 6.8: X-ray luminosity distributions of the present-day population of persis-
tent hydrogen-rich LMXBs with neutron star accretors in the Galactic Bulge (black
lines), where mass transfer rates have been converted to X-ray luminosities using
Eq. (6.1), as well as a snapshot in time of the transient population in outburst (gray
lines). The star formation history width is σ = 0.5 Gyr (solid lines) and σ = 2.5 Gyr
(dashed lines).
model, found about 1700 LMXBs with neutron star accretors, close to our predic-
tions. Kalogera & Webbink (1998) and Kalogera (1998) found a formation rate of
LMXBs with neutron star accretors of 10−6− 10−5 yr−1 in the Galaxy, depending
on common-envelope parameters and supernova kick velocities. This implies a to-
tal number of LMXBs formed over the history of the Disk of roughly 104−5, which
compares reasonably well to our result of ∼104, taking into account that the Bulge
has a stellar mass that is 4−6 times lower than the stellar mass of the Disk (Klypin
et al. 2002). We note that agreement between different models within a factor of a
few is still acceptable, given for instance the uncertainty of a factor of ∼3 based on
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the common-envelope parameters and kick velocity distribution.
The model results must be compared to the observed population of LMXBs, in
particular bright systems. In general this is difficult because of the variability of
LMXBs. Voss & Ajello (2010) found 18 LMXBs in hard X-rays (15− 55 keV) in
data from the Swift Burst Alert Telescope, within 10◦ (1.5 kpc) of the Galactic Cen-
ter, that are not known to be located outside the Bulge (e.g. in a globular cluster).
Due to confusion with background sources near the Galactic Center, there may be
more sources. On the other hand, due to poor distance constraints, some of the ob-
served sources may be located in front of, or behind, the Bulge. The faintest of the 18
LMXBs has a luminosity of ∼2.4×1035 erg s−1 in the hard X-ray band, which im-
plies a total X-ray luminosity of ∼ 7×1035 erg s−1 after a spectral correction based
on Revnivtsev et al. (2008). This can be compared to our prediction in Fig. 6.8,
which shows about 40 sources above this luminosity threshold. The LMXB cata-
log by Liu et al. (2007) contains approximately 50 LMXBs that are located in the
direction of the Bulge based on their celestial coordinates, and also have a distance
estimate that is consistent with the distance to, and size of, the Bulge. Their catalog
includes sources found by pointed observations, therefore the sample is inhomoge-
neous. These numbers lie within a factor of two from our prediction of bright X-ray
sources in the Bulge. A lower value for αCEλ , as discussed above, would give an
even better match. We consider the agreement of the number of predicted systems
with the observed ones good. The Galactic Bulge Survey, which mostly aims to de-
tect quiescent LMXBs (Jonker et al. 2011), has so far observed 8.3 square degrees.
Extrapolating from our prediction of ∼60 bright hydrogen-rich LMXBs in the Bulge
as well as ∼50 UCXBs (vH13), and assuming they are evenly distributed over the
projected area of the Bulge, this implies up to four bright sources in the Galactic
Bulge Survey field.
6.4.1 COMPARISON WITH THE POPULATION OF ULTRACOMPACT
X-RAY BINARIES
Ultracompact X-ray binaries (UCXBs) are hydrogen-deficient LMXBs, with compact
donors and observed orbital periods shorter than 1 hr (e.g. Nelemans & Jonker 2010).
As mentioned in Sect. 6.1, UCXBs can also form via an evolved main-sequence
donor, but more than 99% of all UCXBs is expected to form after a second common
envelope, when eventually the core of the secondary fills its Roche lobe (vH13).
Figure 6.9 shows the present-day UCXB population in the Bulge (to the left of the
dotted line) assuming their evolution is not affected by an irradiation-induced wind
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from the donor (vH13), as well as the population of hydrogen-rich LMXBs from
Fig. 6.2 (to the right of the dotted line) for comparison. The oldest UCXBs have
the lowest mass transfer rates and the longest orbital periods. Without a donor wind,
the evolution of an UCXB is driven by angular momentum loss via gravitational
wave radiation only, and the system remains semi-detached. In the case of a wind
from the donor, the mass transfer rate is higher, and longer orbital periods can be
reached within the age of the Universe (van Haaften et al. 2012a, Chapter 3). Donor
evaporation is expected to have an important impact on the orbital period distribution,
which will shift towards longer periods and reduce the number of low mass transfer
rate systems.
vH13 predicted a population of (0.2−1.9)×105 UCXBs in the Bulge, depend-
ing on model assumptions, of which a large fraction may have turned into (binary)
millisecond pulsars as a result of recycling and accretion turnoff. When we compare
the UCXBs in Fig. 6.9 (showing 1.9× 105 UCXBs) to the hydrogen-rich LMXBs
(2.1×103 systems), we see that UCXBs are about one hundred times more common
than hydrogen-rich LMXBs, unless the vast majority of UCXBs have become de-
tached and turned into millisecond radio pulsars (for the lower value of αCEλ = 0.2
the ratio of∼100 decreases to∼30). In the case UCXBs typically become detached,
hydrogen-rich LMXBs, such as the evaporating black widow systems, cannot be the
main progenitor class of (isolated) millisecond radio pulsars. In fact, if most UCXBs
become isolated millisecond radio pulsars, their absolute number corresponds rea-
sonably well with the estimated number of isolated millisecond radio pulsars (vH13).
Therefore, apart from the relative importance of UCXBs, the absolute numbers also
suggest that the classical LMXBs cannot explain the size of the millisecond pulsar
population. The higher birth rate of UCXBs is probably a result of the higher sec-
ondary masses in zero-age main sequence UCXB progenitor binaries, which make
it easier to avoid disruption of the systems during the supernova explosion of the
primary, and to survive the common envelope stage.
If a significant fraction of UCXBs do not become millisecond radio pulsars, their
number, (0.2−1.9)×105, is much higher than the number of hydrogen-rich LMXBs,
(0.8−2)×103 (for the same variation in model parameters). However, the latter are
expected to be slightly more common in the bright population (& 1035 erg s−1), with
20−60 versus 5−50 for UCXBs (vH13). Thus, a much larger fraction of hydrogen-
rich LMXBs is bright, compared to UCXBs. This has several reasons. The donor
composition in UCXBs can be helium, carbon and oxygen, or a mixture of these
elements. LMXBs that start mass transfer from a hydrogen-rich donor have donors
composed of hydrogen and/or helium. At low donor mass, the donors composed of
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FIGURE 6.9: Model distribution of present-day mass transfer rate versus orbital pe-
riod for all UCXBs (the vast majority of systems to the left of the dotted line) and
hydrogen-rich LMXBs (virtually all systems to the right of the dotted line) in the
Galactic Bulge, assuming the UCXB evolution is driven only by gravitational wave
radiation, and that all systems remain semi-detached. White squares correspond to
one or fewer systems. The highest density in the figure is 105 (outside the scale).
The solid line shows the critical mass transfer rate for thermal-viscous disk insta-
bility, given by Eq. (6.2) with Ma = 1.4 M and f = 6 (helium composition), and
likewise, the dashed line for f = 1 (solar composition). The star formation history
width σ = 0.5 Gyr. The hydrogen-rich LMXB population in this figure is the same
as in Fig. 6.2, but a different density scale is used. The UCXB data in this figure are
taken from vH13.
lighter elements are larger than donors of heavier elements (of the same mass), due to
Coulomb interactions (Zapolsky & Salpeter 1969). The donors composed of heavier
elements have the same average donor density (hence also the same orbital period,
by the period-density relation) at a lower donor mass, and because gravitational wave
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losses are less at lower donor mass, UCXBs have a lower time-averaged mass transfer
rate at the same orbital period than LMXBs with hydrogen in their donors (which can
be seen in Fig. 6.9). Moreover, the critical mass transfer rates are higher for UCXBs
(solid and dashed line in Fig. 6.9, respectively). Combined, this leads to significantly
lower duty cycles for UCXBs – this explains why the number of UCXBs in outburst
is not larger than that of hydrogen-rich LMXBs in outburst, even though the UCXBs
are much more common. As for persistent sources, a higher critical mass transfer rate
also results in a shorter life as a persistent source. The result is that a larger fraction
of the population of hydrogen-rich LMXBs is persistent.
In Fig. 6.10 we combine the luminosity distribution of hydrogen-rich LMXBs
(Fig. 6.8) with the luminosity distribution of UCXBs by vH13, both the persistent
sources and the transient sources in outburst, for our standard model (αCEλ = 2). In
this model, the contributions of both types are approximately equal, but in the case
of a ten times less efficient common envelope, the number of UCXBs decreases by
a factor ∼8, whereas the number of hydrogen-rich LMXBs decreases by a factor of
∼2.7. Therefore the latter are more common among bright sources by a factor of a
few with this change in assumptions.
The bright end of our luminosity distribution (Fig. 6.10) can be compared with
extragalactic LMXB observations parametrized by Gilfanov (2004, dotted curve).
We note that only the relative shapes can be compared in this figure, not the absolute
numbers. The bright-end cut-off is located at a somewhat lower luminosity in our
model, and is more gradual. Various uncertainties in the model could cause this. For
instance, a higher outburst luminosity for transient sources would make the distribu-
tions more similar. The decrease at low luminosities in our distribution is a result of
not modeling quiescent stages, and in the case of transient sources, of assuming an
abrupt transition from quiescence to outburst and back.
6.5 CONCLUSIONS
We have simulated the evolution of binaries in the Galactic Bulge in order to predict
the present-day population of low-mass X-ray binaries and their possible descen-
dants, such as detached white dwarf–neutron star systems and millisecond radio pul-
sars. We predict about 2.0×103 LMXBs with neutron star accretors in the Galactic
Bulge. Based on the predicted number of persistent sources and transient sources in
outburst, this number corresponds well with observations. Because our prediction is
supported by observations combined with the timescale progression along the evo-
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FIGURE 6.10: X-ray luminosity distributions of the present-day population of
LMXBs, including UCXBs, with neutron star accretors in the Galactic Bulge. The
star formation history width is σ = 0.5 Gyr (solid line) and σ = 2.5 Gyr (dashed
line). These distributions include hydrogen-rich as well as hydrogen-poor LMXBs,
and both persistent sources and transient sources in outburst. The dotted line shows
the X-ray luminosity function parametrized by Gilfanov (2004, sample ‘All’ in Ta-
ble 3) with normalization K1 = 6.
lutionary tracks for LMXBs (which are more accurate than population synthesis), it
is not very sensitive to uncertainties in population synthesis. About three quarters
of the LMXBs are predicted to be converging systems that have passed through the
period minimum, and have very low mass transfer rates and orbital periods shorter
than 3 hr, some of which may have become millisecond radio pulsars. Most LMXBs
that have formed over the history of the Bulge are no longer transferring mass at the
present, and we predict about 5.5× 103 binary millisecond radio pulsars with white
dwarf companions in the Bulge with a LMXB origin (i.e., excluding the contribution
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of intermediate-mass X-ray binaries).
Ultracompact X-ray binaries have a significantly higher formation rate than hydrogen-
rich LMXBs and are the most common subclass of low-mass X-ray binaries, unless
the majority have become detached and turned into millisecond radio pulsars — in
that case they dominate the millisecond radio pulsar formation from all LMXBs. De-
spite this, hydrogen-rich LMXBs are more easily observed because a larger fraction
of them is persistent and the transients have longer duty cycles.
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CHAPTER 7
SUMMARY AND CONCLUSIONS
In this thesis we studied the evolution, population, and observations of ultracompact
X-ray binaries and related objects to gain insight in how many exist, what happens
during their lives, and what they eventually leave behind if they stop emitting X-rays.
Ultracompact X-ray binaries (UCXBs) are binary star systems consisting of a
neutron star or possibly a black hole accreting matter that has fallen from the surface
of a white dwarf or helium star companion.
There are tens of thousands or even hundreds of thousands UCXBs (or UCXB
descendants) in the Galactic Bulge according to our models (Chapter 5). This im-
plies that about one in a thousand binaries in which a supernova takes place becomes
an UCXB. Thus, even though few are known, we expect UCXBs to be relatively
common objects. In fact, we find them to be the most common type of low-mass X-
ray binaries if they keep accreting (Chapter 6). The large contrast between the small
known population and the large population we predict may seem surprising, but it is
consistent with the fact that the known UCXBs have very short orbital periods (also
the ones outside globular clusters). Because the period of an UCXB increases rapidly
when it is short, and slowly when it is long, the short periods of the known systems
imply that there should be many more UCXBs with long orbital periods.
In the following we give a chronological account of the life of an UCXB, incor-
porating our conclusions.
The progenitor binary of an UCXB consists of two main sequence stars in an
orbit with a period typically between a month and a century (Chapter 5). One star
must be massive enough (more than about eight times the mass of the Sun) to end
its life with a supernova explosion in order to produce a neutron star or a black hole.
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Moreover, almost all systems must survive two common-envelope phases to shrink
the orbit and avoid disruption of the binary during the supernova explosion. During
the second common-envelope phase, the originally less massive star (with an initial
mass of 1.5− 5 M) loses its envelope, and its core eventually becomes the donor
star in the UCXB.
In the population synthesis study in Chapter 5 we found that no UCXBs with
black hole accretors form out of primordial binaries, but due to several uncertain
evolutionary steps in the formation of UCXBs, this is not conclusive. It is consistent
with the observed sample of UCXBs (Chapter 4), which also contain only neutron
star accretors, though in one system the accretor type is still unknown. Because of
the small known population, however, this does not mean that black hole UCXBs do
not exist. Besides evolving from primordial binaries, black hole UCXBs may also
form by interactions between black holes and stars and binaries in the dense cores of
globular clusters.
The most important formation channel of UCXBs is the one in which the donor
is a helium burning star at the time it fills its Roche lobe (Chapter 5). Although de-
tached binaries containing a neutron star and a white dwarf are much more common
in our model than detached neutron star–helium burning star binaries, white dwarfs,
especially when cold or massive, are much smaller and denser than helium burn-
ing stars. This means that white dwarfs fill their Roche lobes when they are closer
to the neutron star. Given that mass transfer is driven by angular momentum loss
via emission of gravitational wave radiation, the initial mass transfer rate is much
higher in UCXBs with white dwarf donors. We expect that in the vast majority of
these systems, the mass transfer rate is too high for the systems to survive as a bi-
nary (Chapter 2) – the neutron star will be engulfed by matter from the donor and
eventually both stars will merge. UCXBs with helium burning donors initiate mass
transfer at orbital periods of tens of minutes, and shrink until the orbit has a period of
about ten minutes. Continued mass loss cools the core and extinguishes the helium
burning, the rate of which is very sensitive to the temperature. The donor becomes
degenerate, and in old UCXBs from both formation channels all of the outer layers
of the donor have been lost, and only the core remains. This gives a direct view of
the composition of core matter that is usually hidden inside a star; which consists of
helium, or carbon and oxygen, or a mixture of all three elements.
The systems that are able to settle in a state of stable mass transfer will be X-ray
sources for potentially billions of years (Chapter 2). Their orbital periods increase
as the mass ratios of the binary components become smaller. Initially this happens
rapidly as the donors lose mass at a high rate. Once gravitational wave radiation be-
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comes less intense due to the wider orbits and lower donor masses, the mass transfer
rates decrease and the sources become fainter.
UCXBs with orbital periods shorter than about 30 minutes are expected to be per-
sistent, bright sources of X-rays. In Chapter 5 we predict about five to fifty of these,
based on the modeled present-day population combined with either the amount of
gravitational energy the accreted matter releases, or with the luminosities of observed
UCXBs (Chapter 4). When the orbital period has become about 30 minutes, some
100 million years after the onset of mass transfer or the period minimum (Chapter 2),
the mass transfer rate becomes so low, about 10−10 M per year depending on the
accretion disk (and hence donor) composition, that the outer disk is no longer hot
enough to be sufficiently ionized, and the disk becomes unstable. This means that
even though the rate at which matter is added to the outer disk by the donor changes
very slowly, the rate at which matter spirals inwards in the disk varies periodically.
When the accretion rate is high, the source is bright in X-rays for a while, and when
the accretion rate is low, the source is very faint and matter in the disk is replenished.
Such sources are transient, and in Chapter 4 we studied the X-ray variability of the
known UCXB population based on observations by the Rossi X-ray Timing Explorer
All-Sky Monitor. This instrument has a 16-year baseline of observations, but only
observes bright sources. No long-term observational samples of faint UCXBs are
available. Based on the observations of UCXBs when they are bright enough to be
observed, we found that all UCXBs are highly variable. We estimated the variability
of UCXBs when they are too faint to be observed by extrapolating their behavior
when they are bright, combined with their time-averaged luminosities. The result
was that UCXBs with orbital periods shorter than 30 minutes are less variable overall
than the long-period UCXBs. This pattern is consistent with predictions of the disk
instability model, with the remark that persistent behavior should certainly not be un-
derstood as having a nearly constant X-ray luminosity, at least in the case of UCXBs.
Due to disk instability, many sources could be faint at any given time because they
are in quiescence.
The average luminosities of the systems with orbital periods shorter than about
40 minutes correspond well with the mass transfer rates based on gravitational-wave
driven evolutionary models, as expected. However, for systems with longer periods,
the average luminosities match the mass transfer rates of neither the gravitational-
wave driven models with degenerate donors, nor the models of UCXBs with helium
burning donors (Chapter 4). Unless these systems were observed during atypical
phases, which is unlikely, their luminosity is best explained by them having a degen-
erate donor as well as losing additional angular momentum besides that via gravita-
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tional waves. The best candidate for this mechanism is a stellar wind from the donor,
carrying away a high amount of angular momentum because the center of mass of
the binary lies near the much more massive accretor. Stellar winds have been ob-
served in eclipsing hydrogen-rich X-ray binaries, the ‘black widow’ pulsar binaries.
Such winds are likely caused by irradiation from the pulsar and the accretion disk.
In systems with high mass transfer rates, these winds would have little effect on the
evolution, but UCXBs can reach very low mass transfer rates. Then, processes that
would be negligible otherwise become relevant. We found that it is possible that the
evolution of UCXBs is dominated by wind angular momentum loss beyond an or-
bital period of approximately 40 minutes, speeding up their evolution relative to the
gravitational-wave model.
Faster evolution of systems due to stellar wind would merely shift the expected
orbital periods to large values, but we do not observe UCXBs with orbital periods
longer than an hour. This suggests either that long-period systems do not exist, i.e.,
they are destroyed at some point, or that the accretion rate becomes so low that they
are too faint to be detected in X-rays by our instruments.
A scenario for the first option had been proposed – a dynamical instability of
the donor caused by the accretion disk turning into an angular momentum sink. In
that case the Roche lobe of the donor would no longer be able to contain the donor
star, and the donor would be disrupted. In Chapter 2 we concluded that this instabil-
ity probably does not happen, which confirms the result by Priedhorsky & Verbunt
(1988). For the second option, UCXBs becoming invisible, another mechanism is
known. The X-ray luminosity of an UCXB is generated by accretion of matter, and
X-rays are mostly emitted by the inner accretion disk. The rapidly spinning magneto-
sphere of the neutron star can potentially prevent matter from being accreted as well
as disrupt the inner disk, especially at the low mass transfer rates expected at orbital
periods longer than an hour. In Chapter 2 we modeled the spin evolution of the neu-
tron star. It spins up to a spin period of about three milliseconds due to accretion, and
then spins down to about four milliseconds, when it accelerates matter in the disk by
means of its magnetic field lines. The spin evolution we found is at least consistent
with the observed spin periods of neutron star accretors in UCXBs. Energetically it
is easily possible that the luminosity of UCXBs is significantly reduced, although the
details of this propeller mechanism are difficult to model. Moreover, we assumed a
steady rate of accretion while in reality the rate varies.
In Chapter 5 we briefly mentioned the recently discovered millisecond gamma-
ray pulsar J1311–3430 with a low-mass companion in a 94-minute orbit. Its proper-
ties suggest that this is an UCXB descendant. If that is true, millisecond gamma-ray
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pulsars could be a stage reached by all old UCXBs, explaining why we do not observe
this long-period population in X-rays.
In Chapter 3 we showed that UCXBs can reach orbital periods much longer
than the canonical 80 minutes if they are driven by wind angular momentum loss.
This makes it possible for the observed millisecond radio pulsar J1719–1438 with
a planetary-mass companion in a 131-minute orbit to be a descendant of an UCXB.
Half of the observed UCXBs have been confirmed to host millisecond X-ray pulsars.
When accretion turns off, the X-ray pulsars become visible as radio pulsars. If this
hypothesis for the formation of PSR J1719–1438 is correct, then there is an impor-
tant connection between UCXBs and millisecond radio pulsars. A problem here is
that we predict many UCXBs (Chapter 5), whereas PSR J1719–1438 is so far unique
(there is a preliminary report on the discovery of a similar system). There is, how-
ever, a population of isolated millisecond radio pulsars in the Galaxy whose origin is
not well understood. Given that their number much better fits the number of UCXBs
we predict than millisecond pulsars with very low-mass companions do, we suggest
that in most cases the pulsar is able to completely evaporate its companion. In that
case, PSR J1719–1438 would be the link in the transformation of UCXBs to solitary
millisecond radio pulsars. Evaporation may still be ongoing in PSR J1719–1438, or
it may be a ‘failed’ solitary millisecond pulsar.
Eventually, even millisecond radio pulsars become invisible. Their emission is
powered by rotation, therefore they gradually spin down. After a time longer than the
present age of the Universe, the pulsar’s spin becomes too slow for electron-positron
pairs to be formed in the rotating magnetic field, and too little radio emission is
produced – the ‘death line’.
PSR J1719–1438 most likely has a carbon-oxygen companion (Chapter 3), which
is inconsistent with a hydrogen-rich origin (in that case a helium or mixed hydrogen-
helium remnant would be expected). Therefore PSR J1719–1438 is probably not a
descendant of a hydrogen-rich black widow system. In Chapter 6 we modeled the
evolution of hydrogen-rich low-mass X-ray binaries. We found that about 20% have
a late-time evolution that resembles UCXB evolution (UCXBs are the complemen-
tary hydrogen-deficient low-mass X-ray binaries). Somewhat surprisingly, their total
number is much smaller than the number of UCXBs, according to our population
synthesis studies, even though their known population is at least ten times larger (Liu
et al. 2007). Progenitors of hydrogen-rich low-mass X-ray binaries start with lower
donor masses, and therefore less easily survive the first common-envelope phase.
However, because a larger fraction of the population of hydrogen-rich low-mass X-
ray binaries is visible as a bright X-ray source compared to the UCXB population,
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we still see more bright hydrogen-rich low-mass X-ray binaries. Low-mass X-ray bi-
naries that start mass transfer from a main sequence star in an orbit longer than about
a day will never reach orbital periods shorter than a few hours (as a hydrogen-rich
semi-detached system). Instead, their orbits expand until the donor envelope is lost
and the core of the donor is exposed and becomes a white dwarf. If the accretor is
a neutron star, it will be spun up to a millisecond pulsar, and these systems become
binary millisecond radio pulsars.
7.1 PROSPECTS
This thesis has shed some light on the unsolved problems listed in Sect. 1.9.1, but
several lines of theoretical work and new observations can move this field forward.
In the past decade, several surveys have identified many faint and transient X-ray
sources in the Galaxy (e.g. Wang et al. 2002; Degenaar & Wijnands 2009; Jonker
et al. 2011). Identifying and understanding the nature of these sources would be a
big step forward in calibrating population synthesis models. At the present, only the
relatively small population of bright X-ray binaries has known properties such as or-
bital periods and average luminosities. A logical next step to verify our population
synthesis results is to predict and compare with extragalactic X-ray luminosity func-
tions, in particular those of old populations. The extended ROentgen Survey with an
Imaging Telescope Array (eROSITA) instrument (Predehl et al. 2010), scheduled to
be launched in 2014, has among its main goals the study of Galactic X-ray sources.
The mission will perform a four-year all-sky X-ray survey with a sensitivity that is
over one thousand times better than that of the Rossi X-ray Timing Explorer All-Sky
Monitor, whose data we used. Therefore it will be able to discover faint X-ray bi-
naries as well as observe the behavior of known X-ray binaries down to much lower
intrinsic luminosities than has been possible so far.
Given the relatively high number of UCXBs we predict in the Galactic Bulge,
which should also apply to the Galactic Disk, it should be possible to find very faint
X-ray binaries (which may peak in the ultraviolet) much closer to Earth. Based on
the space density in the Bulge, there could be several UCXBs within a few hundred
parsecs. Such systems could be observed down to much lower luminosities and in
different wavelength bands than UCXBs in the Bulge. The Gaia mission, planned
for launch in late 2013, will chart about one billion stars and may be able to observe
nearby, faint X-ray binaries as well as semi-detached binaries with white dwarf ac-
cretors in the optical and near-infrared. If these binaries distinguish themselves from
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other types of sources in the Gaia multicolor photometry (Jordi et al. 2010), X-ray,
ultraviolet, and optical follow-up observations can be made, possibly leading to the
identification of faint X-ray binaries.
The luminosity of long-period UCXBs combined with the properties of the mil-
lisecond radio pulsar system J1719–1438 suggest that UCXBs evolve faster than they
would do if their evolution was driven only by emission of gravitational waves, and
that UCXBs leave behind millisecond radio pulsars, but this hypothesis needs to be
confirmed by additional discoveries. Very helpful would be the discovery or identi-
fication of a hydrogen-deficient X-ray binary with an orbital period longer than 60
minutes (a few X-ray binaries with a period around two hours are known, but those
have hydrogen-rich donors that are too massive for UCXBs.) Such a system would
bridge the gap between the known UCXBs and potential late-time stages like the
millisecond gamma-ray pulsar system J1311–3430 and PSR J1719–1438. The like-
lihood of the discovery of a long-period UCXB depends on at which orbital periods
UCXBs become detached. Based on how uncommon millisecond radio pulsars with
very low-mass companions are, UCXBs probably do not become detached soon af-
ter reaching an orbital period of about 60 minutes. If they do become detached, the
millisecond pulsars probably evaporate their companions relatively quickly.
The Large Area Telescope on the Fermi Gamma-ray Space Telescope (Atwood
et al. 2009), that discovered PSR J1311–3430, will probably discover more simi-
lar systems. Given the small fraction of millisecond radio pulsars with extremely
low-mass companions among all millisecond radio pulsars, this may be the most
promising way to find UCXB descendants that stopped accreting but still have their
companions. The discovery of more gamma-ray and radio millisecond pulsars with
very low-mass companions would give insight in the size of their populations and
their origins, and therefore improve our knowledge of UCXBs.
We have used parameterizations and semi-analytical calculations to understand
some complex physical problems of (magneto-)hydrodynamical nature. Detailed
simulations, made possible by increasing computer capacity and more efficient mod-
els, could help out in the future. These problems include the common-envelope
phase, accretion disk instability, how much transferred matter is accreted and how
much is ejected, and the interaction of the accretion disk with magnetic field lines
of a rapidly spinning neutron star. In old UCXBs, modeling the effect on the binary
evolution of irradiation of the donor star is needed to better estimate the mass transfer
rate and orbital period evolution. An important question is whether it is really possi-
ble to completely evaporate a low-mass companion by pulsar irradiation well within
the age of the Universe.
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A natural continuation of the work in this thesis is the modeling of donor stars,
taking into account properties like thermal pressure. This is important in determining
which systems will survive the onset of mass transfer, especially in the case of a
white dwarf donor. If a system consisting of a neutron star and a white dwarf does
not survive this stage, it may leave a (millisecond) pulsar or, in case of a massive
white dwarf, a black hole. Such events have been connected to various kinds of
(sub-luminous) supernovae. Therefore, ground-based optical transient surveys such
as the Palomar Transient Factory (Rau et al. 2009), the Panoramic Survey Telescope
& Rapid Response System (Pan-STARRS, Kaiser et al. 2010), and the future Large
Synoptic Survey Telescope will be able to constrain the rates of these mergers, which
we expect to be much larger than the formation rate of UCXBs via the white dwarf
channel, and even the formation rate of all UCXBs.
Finally, the revolutionary proposed space-born New Gravitational-Wave Obser-
vatory (also known as eLISA, Amaro-Seoane et al. 2012), would be able to detect the
gravitational waves emitted by a few short-period, relatively nearby UCXBs (Nele-
mans 2003). This would open an entirely new window on UCXBs and other compact
binaries, because their gravitational wave signals are stable, whereas their observed
electromagnetic signals strongly depend on accretion rates and absorption by inter-
stellar gas and dust.
174
HOOFDSTUK 8
SAMENVATTING IN HET
NEDERLANDS
In dit hoofdstuk vat ik mijn proefschrift ‘Ultracompacte röntgendubbelsterren’ samen.
Eerst leg ik uit wat sterren en dubbelsterren zijn, en vervolgens wat ultracompacte
röntgendubbelsterren zijn en waarom ze zo belangrijk zijn. Tenslotte beschrijf ik de
vraagstellingen, resultaten en conclusies van mijn onderzoek.
8.1 DE LEVENSLOOP VAN STERREN
Het deel van het heelal dat we kunnen waarnemen bevat minstens honderd miljard
sterrenstelsels. Een hiervan, de Melkweg, herbergt een paar honderd miljard sterren,
waarvan de meeste zich in een platte schijf bevinden die op donkere plaatsen met
het blote oog te zien is (zie omslag). Enkele duizenden nabije sterren in deze schijf
kunnen we met het blote oog zien als individuele lichtbronnen. Een van deze nabije
sterren staat ongeveer een miljoen keer zo dichtbij de Aarde als de rest, dit is de Zon.
Elk jaar worden er een paar nieuwe sterren geboren in de Melkweg. Dit gebeurt
wanneer een oude uitgestrekte gaswolk, bestaande uit vooral waterstof en helium,
zich onder invloed van zijn eigen zwaartekracht samentrekt. Het samentrekken leidt
ertoe dat de temperatuur stijgt en het gas steeds meer straling gaat uitzenden. De
gaswolk stopt pas met samentrekken wanneer het binnenste heet genoeg is, zo’n
tien miljoen graden, om waterstofatomen te laten fuseren (samensmelten) tot heli-
umatomen. Vanaf dit moment wordt de uitgestraalde energie geleverd door fusie
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van atoomkernen en stopt de gaswolk met samentrekken. Dan is er een nieuwe ster
geboren.
Sterren zijn bollen van gas dat zo heet is dat het zichtbaar licht uitzendt. Ze
zijn in evenwicht: de zwaartekracht wordt gebalanceerd door de hoge druk in het
binnenste, en de hoeveelheid energie die ze aan hun oppervlak uitstralen is gelijk aan
de hoeveelheid energie die ze in hun binnenste opwekken. Sterren fuseren gedurende
het grootste deel van hun leven waterstof, het lichtste en meest voorkomende element
in het heelal. De meeste sterren, waaronder de Zon, bevinden zich in deze levensfase.
Wat er gebeurt als alle waterstof op raakt hangt vooral af van de massa waarmee de
ster geboren is. Sterren hebben massa’s variërend van een tiende tot honderd keer
de massa van de Zon (de zonsmassa is de gebruikelijke eenheid voor massa in de
sterrenkunde, met als symbool M).
De Zon is een bovengemiddeld zware ster; ongeveer tien procent van alle ster-
ren die worden geboren is zwaarder dan de Zon. Hij heeft een massa van ruim 300
duizend keer de massa van de Aarde, en is zo groot dat de Aarde er ruim een miljoen
keer in zou passen. De Zon is 4,6 miljard jaar oud en daarmee bijna halverwege
zijn leven. In de kern wordt per seconde 600 miljard kilo waterstof omgezet in he-
lium. Ongeveer 0,7% van deze massa wordt omgezet in energie – in een seconde
straalt de Zon evenveel energie uit als de mensheid in een miljoen jaar verbruikt in
het huidige tempo. De voorraad waterstof in de kern is echter zo groot dat het nog
5,5 miljard jaar duurt voor deze is uitgeput. Als dat gebeurt raakt de kern uit balans
en gaat hij krimpen. De gaslaag direct rondom de kern warmt dan op tot daar water-
stof gaat fuseren. De buitenlagen zetten hierbij sterk uit en de doorsnede van de Zon
wordt ruim tweehonderd keer zo groot. Omdat het oppervlak afkoelt wordt het rood-
gloeiend: de Zon is dan een rode reus geworden. De waterstoffusie rondom de kern
voegt helium toe aan de kern, die daardoor verder krimpt en opwarmt. Zodra de kern
zwaar en heet genoeg is gaat helium fuseren tot koolstof en zuurstof, eerst explosief
en vervolgens op rustige wijze. De Zon als geheel krimpt dan weer naar normale
proporties, totdat het hele proces zich herhaalt wanneer ook alle helium in de kern
opraakt. De Zon wordt dan opnieuw een reus, en dit keer zorgt onregelmatige fusie
rondom de kern voor het afstoten van de buitenlagen totdat enkel de kern overblijft
als een witte dwerg met een massa van ongeveer 0,5 M, bestaande uit koolstof en
zuurstof. Een witte dwerg is heel klein, ongeveer even groot als de Aarde, en bestaat
uit gedegenereerde materie. Dit betekent dat de druk die nodig is om weerstand te
bieden aan de zwaartekracht niet meer geleverd wordt door zowel de temperatuur als
de dichtheid zoals bij een gewoon gas het geval is, maar enkel door de dichtheid. Dit
komt omdat elektronen door een kwantummechanisch effect niet onbeperkt dicht op
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elkaar gedrukt kunnen worden. Alle sterren met een massa beneden ongeveer 2 M
hebben kwalitatief dezelfde levensloop als de Zon.
Sterren met een massa tussen 2 en 8 M fuseren helium in de kern op een stabiele
manier, en produceren uiteindelijk ook een koolstof-zuurstof witte dwerg. De meeste
sterren hebben echter een massa beneden 0,8 M. Zij verbranden hun waterstof zo
langzaam dat ze daar langer over doen dan de huidige leeftijd van het heelal, 13,7
miljard jaar. Zij hebben dus nog geen witte dwerg kunnen produceren.
Sterren zwaarder dan 8 M zijn erg zeldzaam maar toch heel belangrijk doordat
zij een heel andere levensloop doormaken dan lichtere sterren. Ze zijn veel helderder
en leven ook veel korter, omdat ze hun brandstof sneller opmaken. In tegenstelling tot
bij lichtere sterren stijgt de temperatuur in de kern van zware sterren genoeg om kool-
stoffusie mogelijk te maken zodra alle waterstof en helium opraakt. Later schakelt
de ster over op fusie van nog zwaardere elementen als neon, magnesium, silicium
en zwavel, totdat de kern uit ijzer en nikkel bestaat, en in de lagen rondom de kern
fusie van lichtere elementen plaatsvindt. Fusie van ijzer en nikkel levert geen energie
op maar kost juist energie. Daarom kan er in de kern geen energie meer gewon-
nen worden en komt het leven van de ster ten einde. Als de kern zwaar genoeg is
geworden stort hij binnen een seconde in onder invloed van zijn eigen zwaartekracht.
Hierbij ontstaat een grote schokgolf die de buitenlagen van de ster met hoge snel-
heid de ruimte in blaast: een supernova explosie. Supernova’s zijn gedurende enkele
maanden bijna net zo helder als een heel sterrenstelsel.1
In de meeste gevallen stort de kern van een zware ster in tot een neutronenster, een
bijzonder object met een massa van rond de 1,5 M en een doorsnede van slechts 25
kilometer, extreem klein vergeleken met de ster waaruit hij ontstaan is. De dichtheid
van neutronensterren is daarom enorm hoog – overeenkomend met het gewicht van
drie miljoen bultrug walvissen in het volume van een erwt. Bovendien hebben neu-
tronensterren een heel sterk magnetisch veld.
Zeer zware sterren hebben zo’n zware kern dat ze geen neutronenster produ-
ceren maar een zwart gat, dat een massa heeft van rond de 10 M. Zwarte gaten
hebben zo’n sterke zwaartekracht dat materie en zelfs licht niet kan ontsnappen als
het zich op minder dan enkele tientallen kilometers van het zwarte gat bevindt. Ze
zijn dus echt onzichtbaar, en we kunnen hun bestaan alleen indirect afleiden door hun
zwaartekracht op de materie in hun omgeving.
1Door hun grote helderheid kunnen we sommige supernova’s tot ver in het zichtbare heelal zien, en
omdat de lichtsnelheid eindig is (300 duizend kilometer per seconde), vonden die verre explosies plaats
toen het heelal nog heel jong was. De elementen die zware sterren tijdens hun leven en in de supernova
explosie produceren zijn essentieel voor de vorming van rotsachtige planeten als de Aarde.
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8.2 DUBBELSTERREN EN MASSA-OVERDRACHT
De Zon is een alleenstaande ster omdat er alleen planeten, dwergplaneten, kometen,
asteroïden en kleinere objecten omheen draaien, en geen andere ster. De meeste ster-
ren komen echter voor in tweetallen: dit zijn dubbelsterren. Sterren in een dubbelster
zijn door de zwaartekracht gebonden en draaien in een baan om elkaar heen. Een
dubbelster ontstaat doordat de gaswolk waaruit de sterren ontstonden te snel roteerde,
en de centrifugale kracht te sterk was, om de wolk tot een enkel object te laten sa-
mentrekken. De tijd waarin sterren een keer om elkaar heendraaien, de baanperiode,
loopt bij waterstofrijke sterren uiteen van uren tot eeuwen, en hangt samen met de
afstand tussen de sterren en hun massa’s. Als de onderlinge afstand groot is beïn-
vloeden de sterren elkaar nauwelijks tijdens hun leven en ontwikkelen ze zich net als
alleenstaande sterren. Bij een kleine baan zullen de sterren elkaars levensloop echter
sterk veranderen.
Als een ster in een dubbelster opzwelt tot een reus, kan het gebeuren dat de
begeleidende ster meer zwaartekracht uitoefent op het gas aan het oppervlak dan de
opzwellende ster zelf. Dan zal dit gas van het oppervlak afvallen en naar de andere
ster stromen. De massa-verliezende ster heet de donor, en de massa-ontvangende ster
heet de accretor. Als de massa-overdracht heel snel verloopt kan de accretor al het
toestromende gas niet opvangen en komt hij terecht in de buitenlagen van de donor.
Wrijving zal de baan doen krimpen en massa uit de dubbelster verwijderen, totdat de
sterren samensmelten tot één ster of totdat de donor zijn hele buitenlaag kwijtgeraakt
is. In dat laatste geval is het resultaat een dubbelster met een veel kortere baanperiode
die bestaat uit de accretor en de kern van de donor. In sommige dubbelsterren kan
dit proces zich later herhalen als de oorspronkelijke accretor gaat opzwellen en zijn
buitenlagen verliest in de interactie met zijn begeleider.
In dit proefschrift worden dubbelsterren behandeld waarin de zwaarste ster bij
geboorte zwaarder is dan 8 M, en dus aan het eind van zijn leven een neutronenster
of zwart gat achterlaat in een supernova explosie. Bij deze explosie is het van belang
dat de dubbelster niet ontbonden raakt. Wanneer de begeleider een reus wordt en zijn
buitenlagen verliest laat deze zijn kern achter. Dit is een heliumster als er heliumfu-
sie in plaatsvindt, en anders een witte dwerg. De getransformeerde dubbelster kan
nu nogmaals (voor de derde keer) massa-overdracht in gang zetten, maar nu voor het
eerst op stabiele wijze. Hiervoor moet de baanperiode van de dubbelster eerst flink
afnemen, en dit gebeurt doordat de dubbelster door zijn draaiing zwaartekrachtsgol-
ven uitzendt – dit zijn golven in het ruimte-tijd continuüm. Wanneer de afstand tussen
beide sterren klein genoeg is geworden verliest de grootste en lichtste ster van de twee
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(de witte dwerg of heliumster) gas aan de zwaarste en kleinste (de neutronenster of
het zwarte gat). Door de draaiing van de dubbelster valt het gas niet rechtstreeks naar
de accretor, maar buigt het af door de Corioliskracht. Hierdoor vormt dit gas een ring
in een baan om de accretor, en door wrijvingskracht spreidt deze ring zich zowel naar
binnen als naar buiten uit. Het resultaat noemen we een accretieschijf. Uiteindelijk
zal het gas aan de binnenkant van de schijf de accretor bereiken en op het oppervlak
vallen (of in het zwarte gat vallen). Doordat de zwaartekracht in de buurt van neutro-
nensterren en zwarte gaten zo sterk is, komt er heel veel energie vrij als ze materie
invangen. Waar kernfusie nog geen procent van de massa omzet in energie, kan ac-
cretie op een neutronenster of zwart gat meer dan tien procent van de massa omzetten
in energie. Deze energie verwarmt het gas in de schijf tot miljoenen graden, waardoor
het röntgenstraling gaat uitzenden – daarom heten ze röntgendubbelsterren. Figuur
1.2 op pagina 11 illustreert hoe ze er ongeveer uitzien. De accretieschijf bevindt zich
links in de tekening en de donor rechts.
Röntgenstraling wordt geabsorbeerd door de aardatmosfeer, maar met röntgen-
telescopen op satellieten in een baan om de Aarde kunnen we deze dubbelsterren
detecteren als heldere röntgenbronnen. De eerste werd in 1962 ontdekt vanuit een
raket. Ze kunnen per seconde tot honderdduizend keer zoveel energie uitstralen als de
Zon – zulke heldere exemplaren kunnen we zelfs in andere sterrenstelsels detecteren.
Röntgendubbelsterren kunnen miljarden jaren lang leven, maar de meeste zijn niet
continu helder. Als de massa-overdracht langzaam gaat, verloopt de accretie onregel-
matig. De accretieschijf wordt dan instabiel, en korte perioden van snelle accretie en
grote helderheid worden afgewisseld met lange perioden van lage helderheid. Omdat
veel röntgendubbelsterren de meeste tijd niet helder genoeg zijn om waar te nemen
is het moeilijk om hun populatie in de Melkweg in kaart te brengen.
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Dit proefschrift gaat over röntgendubbelsterren waarin de accretor een neutronenster
of een zwart gat is, en de donor een witte dwerg of een heliumster. Omdat deze ster-
ren geen waterstof bevatten en veel kleiner zijn dan sterren als de Zon, die wel dikke
waterstofrijke buitenlagen hebben, moet de afstand tussen donor en accretor heel
klein zijn om massa-overdracht mogelijk te maken. Daarom heten ze ultracompacte
röntgendubbelsterren, afgekort UCRD’s. De massa-overdracht wordt veroorzaakt en
in stand gehouden door het uitzenden van zwaartekrachtsgolven. Als een heliumster-
donor massa verliest neemt de druk en de temperatuur in de kern af, totdat de helium-
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fusie stopt. Dan wordt de druk in de kern door elektronen geleverd, net als bij witte
dwergen. Witte dwergen hebben de bijzondere eigenschap dat ze groter zijn als ze
een lagere massa hebben. In UCRD’s betekent dit dat een witte dwerg donor uitzet
als hij massa verliest aan zijn begeleider. Hierdoor wordt de baanperiode ook langer.
Een UCRD met een zware witte dwerg als donor heeft een baanperiode van slechts
enkele minuten. Dan beweegt de witte dwerg met zo’n 3000 kilometer per seconde
(een procent van de lichtsnelheid) om de accretor. Die baanperiode loopt op tijdens
de evolutie van de dubbelster, tot meer dan een uur. Dan is de UCRD net zo groot als
het Aarde-Maan systeem. In een typische UCRD verliest de donor miljarden tonnen
gas per seconde. Deze massa-overdrachtssnelheid neemt af als de dubbelster wijder
wordt, doordat de dubbelster dan minder zwaartekrachtsgolven gaat uitzenden.
De eerste UCRD werd ontdekt in 1979–1980. Een röntgendubbelster kan pas
met zekerheid als een UCRD geïdentificeerd worden als de baanperiode betrouwbaar
gemeten is. Omdat dit moeilijk is zijn er nog maar dertien bekend. Daarnaast zijn
er nog evenzoveel kandidaten zonder bekende baanperiode, die op basis van andere
eigenschappen ook UCRD’s lijken te zijn. Een overzicht van de bekende UCRD’s
staat in tabel 4.1 op pagina’s 88–89.
UCRD’s zijn om verschillende redenen belangrijk. Ten eerste omdat ze een aan-
tal complexe stappen in de dubbelsterevolutie overleefd hebben. Het simpele feit
dat ze bestaan geeft al inzicht in de levensloop van zware sterren en hoeveel massa
die uitstoten in een sterrenwind tijdens hun leven, wat er precies gebeurt tijdens de
supernova explosie, en of hierin een neutronenster of zwart gat ontstaat. Ook de sta-
dia waarin een van de twee sterren een reus wordt en zijn begeleider invangt, waar-
bij de baan veel compacter wordt, worden nog niet zo goed begrepen. Het aantal
waargenomen UCRD’s en hun eigenschappen kunnen we vergelijken met verschil-
lende modellen om meer te weten te komen over deze processen. Verder zijn UCRD’s
bijzonder ten opzichte van andere röntgendubbelsterren omdat het gas dat overgedra-
gen wordt geen waterstof bevat, maar helium, koolstof en zuurstof. Dit geeft de
mogelijkheid om het accretie proces beter te bestuderen. In UCRD’s met een neu-
tronenster als accretor wordt het binnenste deel van de (geïoniseerde) accretieschijf
beïnvloed door het magnetisch veld van de neutronenster, waardoor accretie vermin-
derd wordt of zelfs tot stoppen gebracht kan worden. Dit is met name van belang in
oude UCRD’s, omdat daarin de massa-overdrachtssnelheid laag is en het magnetisch
veld meer invloed heeft op het ijlere gas. Door hun extreem hoge dichtheid en mag-
netisch veld zijn neutronensterren natuurlijke laboratoria voor natuurkunde. Als we
bijvoorbeeld hun massa’s en afmetingen precies kunnen achterhalen levert dit nieuwe
kennis op over de structuur van dit soort materie.
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In vijf van de dertien bekende UCRD’s is de accretor een heel snel ronddraaiende
neutronenster: een milliseconde pulsar. Gewone pulsars zijn neutronensterren die
langzamer ronddraaien, circa een rotatie per seconde. Deze bevinden zich meestal
niet in een dubbelster. Ze stralen bundels radiostraling uit vanaf hun magnetische
polen, en als de magnetische as een hoek maakt ten opzichte van de rotatieas kunnen
we deze bundels periodiek langs zien scheren, als een kosmische vuurtoren. Als een
neutronenster massa accreteert van een begeleider in een dubbelster gaat hij steeds
sneller draaien. Omdat ze zo zwaar en klein zijn kunnen neutronensterren uitein-
delijk honderden keren per seconde om hun as draaien, zodat hun ‘dag’ maar een
paar milliseconde duurt. Echter, van de 200 milliseconde radiopulsars die inmiddels
gevonden zijn, hebben er 60 geen begeleider. De verklaring kan zijn dat de donor
uiteindelijk verdampt wordt door de intense straling van de milliseconde pulsar en de
accretieschijf tot er niets van overblijft.
8.4 MIJN PROEFSCHRIFT
Ultracompacte röntgendubbelsterren zijn belangrijke astronomische objecten en on-
derzoek naar hun eigenschappen en evolutie levert waardevolle kennis op. De hoofd-
vragen die in dit proefschrift worden gesteld zijn:
• Hoe ontstaan UCRD’s?
• Hoeveel zijn er?
• Wat gebeurt er tijdens hun leven?
• Hoe zien ze eruit?
• Wat laten ze achter?
Hoofdstuk 2 gaat over de evolutie van UCRD’s met een witte dwerg donor, vanaf
het moment dat de donor gas begint over te dragen aan de accretor. Dit is al meteen
een heel belangrijk moment in de evolutie, want de massa-overdrachtssnelheid is
in het begin zo hoog dat veel dubbelsterren dit niet overleven en samensmelten.
De dubbelsterren die wel overleven worden steeds wijder, en de meeste zullen na
zo’n tien miljard jaar, een typische leeftijd voor veel sterren, een baanperiode hebben
bereikt van rond de 80 minuten. Dit staat in schril contrast met het feit dat alle dertien
waargenomen UCRD’s baanperioden hebben van minder dan een uur, en dus jonger
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zijn. Hiervoor onderzoeken we drie mogelijke verklaringen. Ten eerste zou het kun-
nen dat de donor, wanneer deze nog maar een heel lage massa heeft, instabiel raakt
en uit elkaar gerukt wordt door de zwaartekracht van de neutronenster of het zwarte
gat. Op basis van simulaties denken we dat dit niet gebeurt. Een tweede verklaring
kan zijn dat vanwege de instabiliteit in de accretieschijf (sectie 8.2) de dubbelsterren
met lange baanperioden en lage massa-overdrachtssnelheden bijna altijd onzichtbaar
zijn. Dit kan de afwezigheid van UCRD’s met lange baanperioden ten dele verklaren,
maar niet helemaal, zoals ook uit hoofdstuk 5 blijkt. Het laatste alternatief is dat oude
UCRD’s onzichtbaar zouden kunnen worden omdat het magnetisch veld van de neu-
tronenster, die honderden keren per seconde om zijn as draait, gas in het binnenste
deel van de accretieschijf wegslingert. Op basis van de hoeveelheid energie die de
neutronenster heeft verkregen uit de accretie en hoeveel energie nodig is om materie
in de schijf te verwijderen uit de dubbelster concluderen we dat dit een verklaring
zou kunnen zijn.
In hoofdstuk 3 proberen we de eigenschappen van een bijzondere, in 2011 ont-
dekte dubbelster te verklaren. Deze bestaat uit een milliseconde radiopulsar met de
naam J1719–1438 en diens begeleider met een massa van ongeveer een duizendste
M, net zo zwaar als de planeet Jupiter. De baanperiode is ruim twee uur, en er vindt
geen massa-overdracht plaats. We denken dat deze dubbelster in het verleden een
UCRD is geweest, maar de massa van de begeleider is lager dan verwacht voor oude
UCRD’s op basis van de resultaten van hoofdstuk 2, en de baanperiode is langer dan
de verwachte 80 minuten. Deze verschillen kunnen verklaard worden als de evolu-
tie van de dubbelster versneld is verlopen, en het beste mechanisme is dat de donor
extra veel massa is kwijtgeraakt via een sterrenwind onder invloed van straling van
de pulsar. Dit betekent dat het goed mogelijk is dat UCRD’s met een neutronen-
ster als accretor op den duur stoppen met accretie en een milliseconde radiopulsar
produceren.
Hoofdstuk 4 gaat over de analyse van waarnemingen van de bekende UCRD’s.
Een van de röntgensatellieten, de Rossi X-ray Timing Explorer, heeft zestien jaar lang
de hele sterrenhemel waargenomen in röntgenstraling en geeft daarmee een objectief
beeld van de helderheid van de UCRD populatie, en hoe de helderheid van UCRD’s
in de loop der tijd fluctueert. Het blijkt dat alle UCRD’s heel variabel zijn. Bovendien
blijkt dat de helderheid van UCRD’s met de langste baanperioden (langer dan een half
uur) nog sterker varieert dan de helderheid van UCRD’s met kortere baanperioden.
Dit komt overeen met de theorie dat UCRD’s met een lage massa-overdrachtssnelheid
(die ook lange baanperioden hebben) een instabielere accretieschijf hebben. Door de
baanperiode te vergelijken met de gemiddelde helderheid blijkt ook dat de UCRD’s
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met langere baanperioden zo’n honderd keer helderder zijn dan verwacht op basis van
de theorie van hoofdstuk 2. Hun helderheid is veel beter te begrijpen als de massa-
overdrachtssnelheid in deze UCRD’s een stuk hoger ligt, net zoals we denken dat het
geval is geweest bij de dubbelster van hoofdstuk 3.
De sterren en andere hemellichamen die we kunnen waarnemen vormen slechts
een klein deel van alle astronomische objecten die er zijn, omdat vele niet helder
genoeg zijn om te zien, of erg variabel zijn in helderheid (zoals UCRD’s), of alleen
zichtbaar zijn vanuit een bepaalde richting (zoals pulsars). In hoofdstukken 5 en
6 gebruiken we een methode die hier handig mee omgaat, namelijk een populatie-
synthese model. Dit model berekent de levensloop van miljoenen dubbelsterren vanaf
het begin van hun leven. Elk van deze dubbelsterren heeft iets andere eigenschappen,
zoals de massa’s van de sterren en hun onderlinge afstand, zodat een realistische po-
pulatie wordt gesimuleerd. Vervolgens wordt er gekeken naar welk soort objecten er
uit deze dubbelsterren ontstaan na zo’n tien miljard jaar, de leeftijd van het binnenste
deel van de Melkweg. In dit geval zijn we geïnteresseerd in UCRD’s (hoofdstuk 5)
en röntgendubbelsterren met een lichte waterstofrijke donor (hoofdstuk 6). Op basis
van de gemodelleerde populatie en de waargenomen variabiliteit van de dubbelsterren
berekenen we hoeveel er vandaag de dag zichtbaar zijn, en wat hun eigenschappen
zijn, zoals de baanperiode en helderheid. Dit kan vervolgens vergeleken worden met
waarnemingen om parameters in het model te bepalen en de betrouwbaarheid van het
model vast te stellen. We simuleren het binnenste deel van de Melkweg (de centrale
verdikking, te zien op de voorkant van de omslag) om de resultaten te kunnen ver-
gelijken met recente waarnemingen daarvan. Dit deel van de Melkweg bestaat uit
oude sterren, waardoor er geen röntgendubbelsterren zijn met een zware donor die
identificatie bemoeilijken, omdat zware sterren maar kort leven. Hierdoor wordt het
makkelijker om theorie met waarnemingen te vergelijken. Bovendien is de concen-
tratie van sterren hoog in dit gebied.
In hoofdstuk 5 worden de resultaten van hoofdstukken 2 tot en met 4 gecom-
bineerd in een populatie-synthese onderzoek. De resultaten laten zien dat UCRD’s
voornamelijk gevormd worden met een heliumster als donor, en minder vaak met een
witte dwerg. UCRD’s met een zwart gat als accretor zijn erg zeldzaam, wat ook al
bleek uit de waargenomen populatie. Het totale aantal UCRD’s dat gevormd is in het
binnenste deel van de Melkweg bedraagt zo’n 20 duizend tot 200 duizend volgens
het model, afhankelijk van de aannames. Dit is veel meer dan er ontdekt zijn, zelfs
rekening houdend met het feit dat ze de meeste tijd niet zichtbaar zijn. We denken
dat in veruit de meeste UCRD’s inmiddels geen massa-overdracht meer plaatsvindt
en dat ze milliseconde radiopulsars achtergelaten hebben, net als J1719–1438 uit
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hoofdstuk 3. Het probleem is dat we heel weinig van zulke milliseconde radiopulsars
met een heel lichte begeleider kennen. Daarentegen is er wel een flinke populatie van
alleenstaande milliseconde radiopulsars waarvan de ontstaanswijze niet goed bekend
is, en waarvan het geschatte aantal redelijk overeenkomt met onze berekening van het
aantal UCRD’s. Om deze redenen denken we dat de verdamping van de begeleider
door de pulsar niet stopt voordat de begeleider helemaal verdwenen is, zodat veel
UCRD’s een alleenstaande milliseconde radiopulsar produceren.
Hoofdstuk 6 beschrijft een tweede populatie-synthese onderzoek. Ditmaal on-
derzoeken we röntgendubbelsterren met een lichte waterstofrijke donor (UCRD’s
hebben een compactere donor zonder waterstof). Volgens ons model zijn deze water-
stofrijke dubbelsterren veel zeldzamer dan UCRD’s, wat verrassend is aangezien er
meer zijn waargenomen. Echter, de waterstofrijke röntgendubbelsterren blijken ook
een groter deel van de tijd helder te zijn. Een deel van deze dubbelsterren heeft een
evolutie vergelijkbaar met die van UCRD’s, waarin de donor zijn waterstofrijke la-
gen uiteindelijk verliest en de baanperiode kort wordt. Een andere deel verliest deze
lagen ook, maar dan terwijl hun baanperioden steeds langer worden, zodat er een
dubbelster bestaande uit een milliseconde radiopulsar en een witte dwerg overblijft,
zonder massa-overdracht.
Dit proefschrift heeft nieuwe inzichten opgeleverd omtrent de evolutie en popula-
ties van UCRD’s, en hun relatie met verschillende categorieën van milliseconde pul-
sars. Niettemin valt er nog veel meer onderzoek te doen, bijvoorbeeld het modelleren
van de verdampende donor. Nieuwe waarnemingen met bestaande telescopen kunnen
de populaties röntgendubbelsterren en milliseconde pulsars beter in kaart brengen,
vooral objecten met lage helderheid. Daarnaast zijn er ook allerlei nieuwe telescopen
in ontwikkeling die de komende jaren en decennia veel nieuwe kennis op zullen le-
veren en het aantal bekende objecten zullen vergroten. Ook op theoretisch gebied
ontstaan nieuwe mogelijkheden. De snel toenemende computercapaciteit zal gede-
tailleerdere simulaties mogelijk maken van zowel individuele dubbelsterren als hele
populaties, en ook van accretieschijven en donorsterren.
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